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The  Problem^ 

The  problem  liere  undertaken  is: 

(a)  An  int erprttatioa  of  the  theoretical 
equations,  applyingto  flow  of  a  plastic  material, 
in  terms  of  the  friLctlon  concept. 

(b)  An  investigation  of  the  rheologfcal 
properties  of  clay  slurriea, 

(o)  An  experimexital  evaluation  of  the  flow 
rate  «  pressure  drop  relationships  for  pipeline 
flow  of  clay  slurries. 

(d)  A  correlation  of  the  flow  ©  -  pressure 
drop  relationships  in  terms  of  slurry  properties. 
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SUA^MARY 


Pressure  drop  -  rate  of  flow  data  have  been  obtained 
for  clay  suspensions  flowing  through  two  twenty-foot  lengths 
of  smooth  copper  tube  0.786  and  1.277  inches  in  diameter 
respectively.  Over  the  range  of  solids  concentration  encoun¬ 
tered  (0  to  40.4'^  solids  by  weight)  the  clay  .suspensions 
behaved  in  a  manner  very  similar  to  true  plastic  materials. 

The  rheological  properties  of  these  suspensions  were 
independently  measured  by  means  of  a  calibrated  Stormer 
viscosimeter.  For  the  particular  suspensions  used  the  yield 
values  and  the  coefficients  of  rigidity  were  correlated  as 
exponential  functions  of  the  percent  solids.  The  equation 
relating  the  yield  value  (xa^)  to  the  percent  solids  (x)  was 
found  to  be 

ml  ■  0.001  -  1  ) 

over  the  range  of  yield  values  from  0.0005  to  0.560  Ibs/ft^. 
The  coefficients  of  rigidity  (  )  were  related  to  the  percent 

solids  (x)  by  the  equation 

- yt/  +  0.0^^  (g0.159x  _ 

where  is  the  viscosity  of  water  at  the  temperature  of 

the  suspension.  Values  of  covered  the  range  from  0.000526 
to  0.0155  Ibs/ft.sec. 

The  rheological  properties  and  pressure  drop  data  were 
used  to  verify  various  methods  of  pressure  drop  estimation 
for  suspensions  flowing  in  pipelines. 
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Bingham’s  equation  for  streamline  and/or  plug  flow  of 
a  plastic  material  was  rearranged  to  show  that  the  friction 
factor  ’*f”  may  be  obtained  from 

f  -  16/%e(lli) 

where  NRedii)  .  DV^f  1  -  4  (^)  .  1  7 

~%L  3  (K/iP)  3  (R^P)  j 

The  scattering  of  data,  which  was  as  much  as  1000  percent, 
indicated  that  this  method  is  questionable. 

Babbitt  and  Caldwell’s  method  of  obtaining  the  friction 
factor  from  the  usual  Reynolds  number  diagram  using  a  modified 
Reynolds  number  V/^  was  tested  by  correlating 

the  data  as  ”f”  vs.  ”  DV/^  ”  •  A  scattering  of  data 
which  varied  with  the  solids  concentration  in  the  turbulent 
flow  region  and  with  both  percent  solids  and  diameter  in  the 
streamline  flow  region  indicates  that  this  method  is  only  an 
approximation • 

Dimensional  analysis  indicated  the  possibility  of  relating 
the  friction  factor  to  the  three  dimensionless  groups 


The  ratio  (  0\l/^  )  has  been  defined  as  a  modified  Reynolds 

) 

number  (%0(ii))  and  the  ratio  (  Oim/3)  as  the  yield 

(  )  {  vr") 

's 


ratio. 

Since  smooth  copper  tubes  were  used  in  the  test  sections 
the  effect  of  the  roughness  factor  (  ^  )  was  assumed  to 
be  negligible.  At  high  flow  rates  (  \  2  x  IC?*  * 
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It  was  found  that  the  friction  factor  was  independent  of  the 
yield  ratio.  Further  at  high  flow  rates  the  data  indicated 
that  the  friction  factor  may  be  predicted  by  means  of  the 
conventional  Reynolds  number  diagram  and  the  modified  Reynolds 
number  (D^  ^  (D^  ^  2  x  10^) 

friction  factor  was  correlated  with  the  modified  Reynolds 
nxamber  using  the  yield  ratio  as  a  parameter.  This  correlation 
has  been  presented  and  has  been  found  satisfactory  in  the 
estimation  of  the  friction  factors  except  at  extremely  low 
flow  rates  of  the  less  dense  suspensions.  No  attempt  has  been 
made  to  check  the  figure,  which  presents  this  correlation,  by 
comparing  it  with  pressure  drop  data  from  other  Investigations. 
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Thesis 


An  Investigation  of  the  MieoXogloal 
Properties  and  Pipeline  Flow  Characteristics 

of  Clay  Slurries^ 

I.  Intrc^uot  ion^ 

The  flow  of  slurries  (solids  sus^pended  in  a 
liquid)  ocours  with  waiying  importanoe  in  many 
iMus tries  -  to  mention  a  few:  the  flow  of  sludges 
in  sewage  disposal,  the  flow  of  pulp  in  paper  slicing, 
the  flow  of  rock  suspensions  in  t lie  c^ent  industry, 
the  plac^isnt  of  conci^te  In  ccms  true ti on  work,  the 
flow  of  mud  in  oil  well  drilling,  and  the  handling 
of  clay  in  the  pottery  industry.  More  and  moie, 
industry  is  attempting  to  use  this  eoonardcal  method 
of  moving  solid  materials  rather  tten  the  older,  costly 
and  very  cumbersome  systens.  It  beo ernes  necessary  then 
to  be  able  to  design  equipmeit  for  the  handling  of 
solid  suspensions*  It  would  be  very  convenient  if 
the  design  methods  applicable  to  ordinary  fluids  could 
be  used  for  shirr Iss*  However,  suspensions  of  solids 
do  not  behave  as  Newtonian  fluids  and  the  usual  methods 
for  estimating  pressure  drop  do  not  hold. 

In  this  thesis  the  results  of  an  investigation 
of  the  rheological  proper tl^  and  pressure  drop-flow 
rate  relationships  for  a  series  of  oley-vKiter 
suspensions  are  presented  and  discussed. 
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IL  Literature  Revleiff  &  Theory. 


Rheology: 

In  the  study  of  fluid  flow,  much  infor- 
iriation  may  be  obtained  by  cons  hi  ©ring  the 
relationsliips  between  the  applied  shearing  stress 
and  the  resultant  rate  of  shear.  In  the  case  of 
flow  of  suspensions  the  properties  of.  the  Newtonian 
carrier  fluid  are  modified  by  the  presence  of 
the  solid  being  conveyed.  Figure  (1)  below 
indicates  some  of  the  possibilities  which  may 
occur.  Curve  /  represents  a  Newtonian  fluid 
which  can  be  characteri2.ed  by  its  viscosityyo where 

S 

(1) 

(3Tr 

with  s  =r  the  tangential  unit  shearing  force 
V  =  the  relative  velocity  of  two  planes 
a  distance  x  apart. 

X?  =  a  proportionality  const  ant (mass. lbs,  ft.  | 

Tf  oi ce . lbs . sec  ^ ) 

For  a  circular  pipe  dx  becoraes  dr. 

Curve  IT  represents  the  rheological  properties 
of  a  true  plastic.  Such  a  material  is  characterized 
by  a  yield  point  (m)  and  a  coefficient  of  rigidity  (;y). 
The  yield  point  can  be  defined  as  the  maximum  shearing 
stress  at  zero  rate  of  shear.  It  is  that  portion  of 
the  applied  stress  which  is  used  to  overcome  the 
Internal  elastic  stresses. 
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Shearing  Stress.  (  S.) 


Fig.  I.  Possible  Rheological  Relationships. 


The  coefficient  of  rigidity  is  given  by  the 
expression 

^  (?nFr 

(ax)  (2) 

Fost  suspensions  behave  in  a  manner  which 
is  scKieYhere  between  a  Newtonian  fluid  and  a  true 
plastic.  Further  possibilities  which  are  known  to 
occur  are  the  pseudo-plastics  and  quasi-liquids. 
Curve  izr  is  that  of  a  quasi-liquid  which  exhibits 
no  yield  point.  The  rheological  properties  of  this 
type  of  material  are  complex  in  as  much  as  the  true 
relationship  between  the  shearing  stress  and  rate 
of  shear  cannot  be  represented  by  a  simple  linear 
equation.  The  r slatl onship  takes  the  fora 


(s| 


(dr) 

where  n  is  an  exponent  greater  than  one.  It  Is 
to  be  noted  that  ihen  n  is  not  equal  to  one  the 
dimensions  of  /c/*  are  not  the  same  as  viscosity. 
Ostwald  and  de  laele  (13)  make  use  of  the  term 
"Strukturviskositaf*  for  to  distinguish  it 
from  viscosity  y  .  Fortunately  at  high  rates  of 
shear,  such  as  are  ordinarily  encountered,  it  is 
possible  to  represent  the  shearing  stress-rate  of 
shear  relationship  by  means  of  an  apparent  coefficient 
of  rigidity  ( ^' )  and  an  apparent  yield  point  (m*  ) 
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as  indicated  in  Figure  I  .  The  approximate 
relationship  being 


(5) 


=  /3  ) 


€  V 


(4) 


Curvel^  indicates  the  behaviour  of  a  quasi-liquid 
whic  h  fo  Hows  e quat  ion  .  ( 3 ) 


when  the  ei^ponent  n  is  less  tnan  one.  Here  again 
the  rheological  properties  are  very  coaiplex.  This 
type  of  material  has  been  called  an  inverse  plastic 
by  Babbett  and  Caldwell  (1)  and  quasi-vlso ous  by 
Houwink  (7).  It  is  not  esneoted  that  any  of  the 
material  being  used  in  this  Inveotlgat ion  will 
behave  as  such. 

Curve  ^ is  that  of  a  pseudo-plastic.  The  rheological 
properties  of  which  may  be  represented  by 


r? 


(5) 


where  n  is  greater  than  one.  Similarly  to  the  case 
of  the  quasi-liquid  the  exponent  alters  the  units 
so  that  >/  *  should  not  be  expressed  in  the  same 
dimensions  as  a  coefficient  of  rigidity.  As  an 
approximati on  the  behaviour  of  a  pseudo-pl£\  stic 
may  be • characterized  by  an  apparent  coefficient  of 
rigidity  >7'  and  an  apparent  yield  point  (m* )  such  that 
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It  is  to  be  noied  th:it  in  the  case  of  a  pseudo¬ 
plastic  there  is  a  second  yield  point  which 
does  not  coincide  "^ilth  iti’.  To  avoid  confusion  the 
yield  point  id  11  be  defined  as  the  lower  yield 

point  and  m*  as  the  yield  point. 

The  use  of  a  n  appf^rent  yield  point  m’  which 
is  permis sable  at  high  rates  of  shear  shouJd  be 
restrl,  cted  at  low  rates  of  shear  to  those  suspensions 
which  ere  very  nearly  true  plastics.  For  those 
jpeterials  having  a  loier  yield  point  wlilch  is  only 
a  small  fraction  of  the  apparent  yield  point,  the 
use  of  the  apmrait  value  results  in  an  estiraated 
pressure  drop  which  will  be  ciueh  greater  tium  the 
actual  value. 

It  is  not  eicp acted  that  material  behaving 
according  to  equation  5,  with  n  less  than  one,  will 
be  encountered  in  this  investigation. 

Actually  figure  (1)  presents  only  ps.rt  of 

the  picture.  For  mterials  whose  rheological 

properties  change  with  agitation  a  three  dimensional 

representation  is  necessary  to  show  the  effect  of  time. 

Figure  (2)  gives  a  plot  of  shearing  stress  against 

rate  of  shear  and  time  for  the  case  where  the 

rheological  properties  change  with  t  lire  .  Surface/I 
represents  a  true  plastic  and  surface  JU  a 

quasi -liquid.  The  case  of  psuedo  plastic  is  given  by 

surface  ir  •  For  camparison  surface  T  represents  a 

Newtonian  fluid  whose  properties  do  not  change  with  time. 
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Assuming  that  the  rate  of  change  of  shet^ing 

stress  with  time  is  proportional  to  the  amount  by 

which  tiB  shearing  atres.i^  at  time  ©  exceeds  the  shearing 

stress  after  long  a^tatlon  (S^)  the  following 

equation  can  be  written 

M  «  (7) 

d9  % 


where  3*  is  a  proportionall  ty  factor  called  the  **tiiEe  of 
relaxat  ion’*  by  Houmi  ak  ( 7 ) . 

Bolting  equation(75  results  in  the 
expression  log  Sa  ^  ^  jg.  (8) 


where  Sq  is  the  initial  shearing  stress, 
fills  equation  my  be  put  In  the  form 

Sg  s  Soo  +  (S^  -  3^)6  ^  (9) 

Assuming  equation  (2)  to  hold  It  Is  possible  to  write 

iMr 

-jy- 


or 


dv 

dr 


o  -  ) 

0  oo  • 


similarly 


dr 


(11 


(IB) 


Bolting  equations  (11,  12)  for  the  shearing  stress  and 
substituting  in  (9)  results  in  ^ 

lo  -  7ouJ«'^ 

Equation  (13)  presents  the  variation  of  the 
coefficient  cf  rigidity  with  time  of  agitation  and  sug¬ 
gests  an  exponentia  1  relat  ionshlp  between  the  two.  This 
equation  has  never  been  verified  expcsr imente lly. 
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Fig.  2.  Rate  of  Shear  Shearing  Stress  Time. 
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Mechanlari. 

Several  meciianiams  ht?ve  been  advanced  as 
explanation  of  the  variation  in  the  shearing  stress  - 
rat©  of  shear  relationship  which  ooenrs  with  increasing 
rates  of  shear*  A  few  at  these  are  mentioned  below* 

fllliaB^on  (15)  st^gests  that  the  increasing 
rate  of  shear  terjds  to  defoxm  or  disintegrate 
^Sgf^g^tes  of  particles  thus  decreasing  their  resis-^ 
tanc©  to  flow.  Hatschek  (§5  presents  the  saM©  idea 
as  applying  to  layers  of  solvation  surrounding  the 
solid  particles.  Neither  of  these  mechanisirs  esp  laina 
th©  increese  in  the  rat©  of  change  of  shearing  stress 
with  rate  of  shear*  which  occuis  with  increasing  rates 
of  shear  In  the  turbulent  flow  region. 

Beiner  (10)  and  Stsudinger  (IE)  explsln  the 
Chang©  In  the  shearing  stress  *  rate  of  shear  relationship 
as  being  due  to  th©  effect  of  the  shearing  couple  which 
exists  between  my  two  separate  layers  of  fluid.  The 
couple  promotes  the  attenuation  and  alllgnment  of  solid 
particles  In  the  fluid  with  a  resultant  decrease  in 
flow  resistance.  This  mechanism  allows  for  a  possible 
increase  in  rate  of  change  of  shearing  stress  with 
rat©  of  shear  in  the  turbul^t  flow  region,  sine©  the 
redial  components  of  velocity  present  in  turbulent 
flow  may  disorientate  the  allied  particles.  Just  how 
much  of  the  effect  of  turbulent  flow  is  due  to  this 
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d  Is  orientation  and  how  much  is  due  to  the  inertia 
effects  of  the  fluid  is  very  difficult  to  deterirdne. 
The  Flow  Problems* 

l^any  prdblems  in  the  desi^  of  equipment  for 
the  unit  operation  of  fluid  flow  may  be  handled  by 
a  mechanical  ^ergy  balance.  The  equation  meet  used 
takes  the  form: 


I 


a 

vdp 


(14) 


where  x  «  the  height  above  a  datum  plane  (ft, of  fluid) 

g  «  the  gravitational  constant  (ft/sec^), 
a  proportionality  constant 

«  32.174  . 

(force  3bs,sec^-) 

p  9  the  pressure  (force  Ibs/ft^), 

V  e  the  specific  volume  of  the  fluid  (ft^lb.mass) 

V  »  the  velocity  (ft/sec) - 

f  s  the  work  done  by  the  fluid  (force  lbs. ft/mass  lb) 

JF  «  the  tot al  friction  due  to  flow  (force  Ibs.ft/iiass  lb) 
The  subscripts  indicate  the  section  at  wrdchthe  quantity 
is  measured,  Actmlly  £.F  Is  better  defined  as  the  term 
necessary  to  balance  the  equation.  For  the  special  case 
where  (w  «  Xg  -  r  Vg  -  v^^  »  o) 

end  the  change  in  specific  volian©  is  small  it  is  possible 
to  express  the  pressure  drop  as 

-A  P  *  (15) 

lleirtCRlan  Fluid, 

For  liewtonian  fluids  it  may  be  shoim  by 


dimensional  analysis  that  the  pressure  drop  due  to 
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friction  In  a  pipeline  Is  given  by 

~  P  =  (16) 

^  g  R  ^  r  A  2R  ) 

where  R  r  the  radius  of  the  pipe  (ft) 

L  r  the  length  of  pipe  (ft) 

/o  e  the  (density  of  the  fluid  (lbs  aass/ft^  ) 

// =  the  absolute  viscosity  of  the  fluid  (lbs  mss/f t . sec ) 
cps  some  unknown  function. 

P¥/o  =  a  d  iraens  ion  less  ratio  calied  Reynolc  3  number 

r  the  relative  roughness. 

2K 

The  unknown  function  is  given  the  symbol  gf  so  that 

—  AP  ^  g  CV^  /<?  L 

^2R  (17) 

and  it  has  been,  shown  experiment  ally  th^it  the  relation¬ 
ship  2f  -/p(3RV^  A  )  does  exist.  The  relation- 
A'  ,  2H") 

Ship,  in  the  region  of  turbulent  flow,  is  rather 

complex  and  best  re  present  e(2:  graphically  by  the 

friction  fact  or -Reynold  s  number  graph  which  may  be 

found  in  most  Cherrical  Sngineerlng  textbooks.  (/^) 

In  the  streamline  flow  region  the  relationship 

is  milch  simpler.  The  effect  of  roighness  disappears 

so  the  term  ^  drops  out.  The  function  then  becomes 
2R 

2f  -  (OiMM) 

(18) 

and  it  can  be  shown  experimentally  that 
f  r  16 

B  RV/o  (19) 

Substitution  of  this  equality  for  f  in  equation  (17) 
results  in 

—  Ap  a  52  /^VL 

(2R)^  ^ 


(20) 


Poiseuille  by  means  of  a  theoretical 
analysis  arrived  at  the  same  result  as  equation  (EO) 


(12) 


Non-Nevi/tonian  Fluids, 

It  is  possible  to  use  the  friction  factor 
Reynold  s  number  graph  for  the  evaluation  of  the 
pressure  drop  due  to  friction  in  a  pipeline  carrying 
a  iMewtonian  fluid.  In  the  case  of  a  material  -whose 
rheological  properties  change  with  rate  and  time  of 
apnll cation  of  shear  the  tern  viscosity  is  meaningless 
and  the  above  method  is  inappli cable .  In  order  however 
to  permit  a  direct  comparison  between  the  pressure 
drops  for  Won-Kewtonian  and  for  Newtonian  fluids  it  is 
convenient  to  assume  that  both  may  be  represented  by 
equation  117) in  the  form 


=  2f  ^ 
SB 


(21) 


This  procedure  is  permissible  provided  it  is  under¬ 
stood  that  Ef  no  longer  is  defined  b,  the  equation 


but  must  be  defined  to  satisfy  equation  (El) 
Equation  (El)  maybe  rearranged  to  give 


{26 ) 


vi/hich  is  more  suitable  for  comparative  purposes. 

for  a  true  plastic  (figure  1)  Bingham  (3) 
has  derived  an  equation  for  plug  and  streamline  flow/^ 
characterizing  the  rheological  pioperties  of  the 
plastic  material  by  the  yield  value  (it)  and  the 


(13) 


coefficient  of  rigidity  (^  ).  His  derivation  which 
is  detailed  in  the  appendix,  leads  to  the  following 
expression 


V  •  jQ  R 

8  L 


This  equation  may  be  transformed  as  f ollows,sqaring 

A 

both  sides; 


AP*r.  4_  (B  i^)  ^  1  rr 

64  f  3/.p(r - )  ^  3-P''(  R  )  J 

Multiplying  and  dividing  the  right  side  by  ^  to  obtain 

the  form  of  equation  (23): 


.v-72 


(25) 


S—  P  /<^  R 
L  64  L  ^ 


fl  -  4  (2Lm),  1  (2Lm)*f(B6) 

L  3^p(R  )  3*P(  R  ) J 


Comparing  equation  (26)  vdth  equation  (23)  It  follo'ws  that 


1, 

f 


s  y&  R-^aP  /O 
64  L 


1-  1  (2IJ-  ) 
L  3/>P(R  ) 


1  (2Lm 
3AP''(  R 


2 


(27) 


Multiplying  the  right  side  of  equation  (27)  by  V  and 
dividing  by  the  equivalent  of  V  from  equation  (24) 
results  in 


t  *  16 

2BVy^ 


1 


1  (2H  m  )^7 

'"^pM  R  )  j 


(28) 


Comparing  equations  (29)  with  the  expression  for  the 

friction  factor  for  streamline  flow  of  a  Newtonian  fluid 

^  =  16^  (19) 

2  R 

the  effect  of  the  yield  value  is  immediately  apparent. 
Equ  tions  (28)  and  (19)  indicate  the  possibility  of 
defining  an  "apparent”  viscosity  yu  ^  where 
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It  can  be  seen  that  considering  a  Neivtonian 
fluid  as  the  specietl  case  of  a  plastic  having  a  yield 
value  [m)  of  zero,  the  coefficient  of  rigidity  {y  ) 

becoiT^s  equal  to  the  viscosity  and  f  *  16  ^  (19) 

S  i 

Equation  (S4)  and  its  equivalent  equation  (E9)  were 
verified  experimentally  by  Bingham  ,  working  v?ith 

true  plastic  materials. 

Babbitt  and  Caldi^ell  (1)  carried  out  an 
investigation  of  the  flow  of  sewage  sludges  at  the 
Engineering  Experimental  Station  at  the  University  of 
Illinois  and  at  the  sewage  treatment  plant  at  Decatur, 
Illinois.  The  sludges  ranged  in  solids  content  from 
2%  to  18%  and  had^ average  specific  gravity  about  1.05. 
Determinations  were  made  using  3/8, 1,S  and  3  inch  pipes. 

The  range  of  yield  values  (m)  was  0.0  to  1.58  Ibs/ft^ 

and  coefficients  of  rigidity  )  0.001  to  0.040  Ibs/ft  sec. 

Belet lonships  were  developed  between  the  shearing 
stress  im)  and  the  yield  load  used  on  a  Stormer  type 
viscosimeter  and  between  the  coefficient  of  rigidity  {y  ) 
and  the  slop©  of  the  load  versus  speed  curve  for  the 
viscosimeter.  This  is  rmlts  the  evaluation  of  the  two 
significant  quantities  required  to  characterize  the 
rheological  behaviour  of  true  plastics. 

The  viscosimeter  calibration  data  indicates  that 
the  sewage  sludge  behaved  as  a  true  plastic.  In 
correlating  their  data  obtained  from  pipeline  measurements 
Babbitt  and  Caldwell  accepted  Binghani’s  theoretical 
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approach  but  assured  that  the  last  terin  of  equations 


(24)  and  (28) 


H4 


was  negligible  at  high 


rates  of  shear.  They  fur t tier  assumed^  numerically 
equal  to  32  instead  of  32.174.  These  assurfiptions  allow 
a  slight  simplification  of  the  expressions  for  velocity 
and  friction  factor  to  give 
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Babbitt  and  Caldwell  assumed  that  the  normal  Reynolds 
number  friction  factor  relationship  held  if  an  -’apparent 
viscosity”  ^'replaces  the  Newtonian  viscosity.  They 
defined  arbitrarily  as  the  shearing  stress 

divided  by  the  rate  of  shear.  The  significance  cf  this 
is  shown  graphically  in  Figure  (3)  where  ,  the 

’’apparent  viscosity”  at  A,  is  the  s  lope  of  the  line  OB. 


Rote  of  Shear. 
Fig.  3. 
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Equations  (3E)  to  (35)  have  been  deleted 
from  the  original  thesis  on  the  suggestion 
of  the  examiners* 

It  is  to  b©  noted  tiiat  the  "apparent  v iscosity"y4' ' 
has  no  actual  significance*  A  more  appropriate  appar¬ 
ent  viscosity  is  found  by  oomp^ing  equations  (31) 
and  (19)  to  give 

(36) 

(37) 

Parent  (9)  used  Bingham’s  equation  (24)  as 
the  star  ting  point  in  obtaining  an  expression  for 
head  loss  due  to  the  flow  of  a  suspension.  His 
method  is  detailed  in  the  appendix.  The  resulting 
equation  is 
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implicit 
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end  px^sent'^d  .graphs  of  %  vsy  to  aid  in  solution  for  h. 
Parent  in  hia  daflnltion  of  h  gtws 

h  g  L  (42) 

g 

substituting  this  in  oouatlon  (3) 
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And  Caspar! son  with  equation  (2i)  yifcl..a  air^atiy 
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u  4P  CT^) 

found  from  Bis^ham’s  theory*  i^rent  uoau  the  data 
of  Caldwell  and  Babwitt  to  verify  equation  (a8}. 

3uoki.ngham  (^)  previously  in  leED  rived 
equatio.to,  for  I'm  case  where  at re^aftline  and  plug  flow 
exist  t another,  on  the  assusptioii  that  there  wea  a  thin 
"lubricating  layer«of  carrier  fluid  at  the  pipe  wall 
Which  behaved  as  a  Newtonian  fluid.  Also  he  assuraed 
that  the  suspension  moves  as  a  plug  within  this 
lubricating  layer  until  the  yield  value  m  is  attained 
at  the  pipe  wall.  Buckingham  assumes  further  that  the 
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applie<3i  she  faring  stress  at  the  pipe  w^ll  t^xcceds  th€i 
critical  stress  required  for  slip  betweeu  the  wall 
yno  the  ,"aat©rial.  At  ^stresses  higher  than  m  the 
plug  Deg.ina  to  break  doMi  xnd  the  strearJlne  shell 
grows  radially  Inmvrd, 

His  derivatioti  which  is  detailed  in  the 
appendix  leads  to  the  expression 


where  £  is  the  thlcknaaa  of  the  Initial  ’^lubricating 
layer”  and  ^  Is  Its  viscosity.  Buckinghaiti  did  not 
presint  axperlisental  data  to  verify  his  theoretical 
derivation. 

Note: 


In  their  preamt  forms  equ^tferis  (44)  .-.,n  t  (E6) 


osnnot  be  separated  to  show  the  difference  between  the 
plug  and  the  streaiTtline  shell.  If  the  expressions  for 
the  velocity  are  given  in  an  unsimplified  form  the 
difference  ia  apparent.  For  SK-arnple  in  equation  (45) 
below  which  Is  ^.rt  of  Buckingham’s  deriv-tloa  the 
first  bracket  shows  the  effect  of  the  plug  hnn  the 
second  the  effect  of  the  shell 
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This  equation  oen  be  transformea  to 
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(due  to  the  plug)  (4B) 

A  1.  m)  t  6  ^  L  ^  7 
C  R  7  P^J 

(due  to  the  atreartino  ahell)  (4¥) 
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according  to  Buckin^mm^s  ass  option. 
For  aqaation  the  tmm  including  i®  dropped  from 

for  T* 


'Throe  d  1st inet  possibilities  exist  m  to  the  re- 
lationi hip  between  the  applied  stress  undtii©  yield  point 
(15  Applied  stress  yield  point 
(1!)  Applied  stress  «  yield  point 
(ill)  Appli  ed  stress  yield,  point, 
then  the  spiled  stress  Is  less  than  the  yield  point  X 
relatively  large  f  is  s»li.  When  ^eappliec:!  stress  equals 
the  yield  point  X  «  B  and  V  *  •  ^  4.  8  y  1  ^  the 

net  result  being.  ¥  «  ,  ihen  the  applied  stresi  is 

greater  than  the  yield  point  X  b@0o::.cs  sjimllar^  T  Inoreasea 
so  that  the  streaEillne  shell  ccntrihutes  .rnore  to  the  flow 
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than  th®  plug. 

E<iUation  (47)  my  he  transformed  as  followss 
Square  . :  both  sldes^ 


rrr 


(X  y)' 


(50) 


Multiply  auMtator  and  daiiomarator  by ^ and  saparat©  term 
to  c^tsin  the  form  of  aquation  {2^) 


’  tEn 

Comparing  equations  (33)  and.  (51)  show  that 

7  '  «2L  +  Y)"*  (52) 

Multiplying  the  right  side  of  equation  (53)  by  V  aM 
dividing  by  the  equivalent  of  V  from  equation  (47) 
results  in 


Fh^  ITTTl —  «s») 

This  expression  for  (f )  the  friction  factor  is  vo/id 
for  both  plug  mu  streamline  flcm  of  a  true  plastic.  It 
also  holds  apororimately  for  pseudo  plastics  and  quasi 
liquid  a. 

Bcott-Slair  and  Croether  (ll)  carriel  out  an 
invest! gat ’on  on  clay  pastil  by  semm  of  a  capillary 
type  viscoslifB ter.  They  founi-  deflntte  evidence  of  a©vei*iul 
stages  of  notion  wMch  are  listed  below: 

(l)  There  is  no  motion  until  a  well  defined  critical 
sheering  stress  la  reached  at  the  pipe  wall. 

(E)  In  the  first  ©tani  of  motion  the  suispension 
moves  as  s.  solid  plug.  The  volum^etrlc  f  io¥  is  linearly 
relateu  to  the  pressure  drop  but  there  are  no  criteria 
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far  deterKlolrjg  the  upper  velocity  llMt  s  of  plug  flow. 

(3)  As  the  velocity  is  iucrei».sed  the  day  flows 
as  a  ce-ntral  plug  with  a  streaiellue  shell  of  increasing 
thickness.  This  region  shows  up  as  s  curve  on  a  flow 
rate  —  pressm-e  drop  graph*  There  is  no  way  of 
estabHsbf ng  the  upper  or  lower  limits  although  tide  is 
a  very  definite  transition  region. 

(4)  The  etreaiBliae  shell  finally  fill©  the  whole 
pipe.  The  upper  limits  at  w..ich  stre«line  flow  will 
occur  are  known  tut  not  the  lo^er  limits.  The  methods 
of  ecsrrelation  have  m%  be  n  tested  very  extensively  but 
only  over  th©  rang#  0  to  Z0%  solids. 

The  following  two  stages  of  nootion  were  noticed 
by  other  Inveatlgators  but  will  be  Includes  her©  to 
ocmplete  the  llstt 

(5)  The  fourth  ©t^e  of  ^tion  is  that  which  &  tmm 
m  traiBition  from  streafsline  to  turbulent  flow.  The  limits 
may  be  predicted  but  the  correlation  requires  further 

,  testing. 

(6}  The  final  stage  is  that  of  fully  developed 
turbulmc#.  TM,  s  hm  a  low^  1  ini  It  but  no  known  upper 
limit*  Ths  present  cor  relation  of  data  covers  the  range 
from  0  to  ^0%  soli  as  and  this  should  be  extended. 

In  oorrelEting  their  data,  which  oowred  botli 
streamline  and  plug  flo^,  Soott-Blair  ani  Crowther 
attempted  to  us#  Buckingham*#  equation  as  given  above 
(equation  (441).  They  found  it  necessary,  however,  to 
modify  the  last  term,  of  the  equatioii.  The  first  modif  1- 
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cation  ifas  to  replace  the  preseaie  drop  hf  -  Ap  ) 
where  *^Ap  is  the  pressure  equlralent  of  the  critical 
shearing  stress  required  for  slip  hetweon  the  wall  and 
the  fluid,  Seccndly,  rather  than  attempt  an  eraluatlm 
of  {  the  thickness  of  the  *^lubr  teat  teg  la:yer’*  and  ~ 
its  viscosity  employed  graphlaal  met  nods  to  find 

which  they  represented  by  f  © 

Their  final  equation  takes  the  foi:® 


{54) 
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Equation  (54)  tea  the  umm  form  as  Buckingham’s  equation 
and  does  not  pesnlt  a  separation  of  the  plug  flow  effect 
from  the  streamline  flov^  effect.  If  equation  (46)  is 
extern ©d  by  substituting  for  \  and  In  the  l^^st  term 

equation-  (55)  r^ulta 
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The  expression  for  the  friction  faster  which  arises  from 
equation  (55)  is 
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where  Y  is  redefined  as 
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Scott- Blair  smd  QmwthBT  evaluated  several  of  the 
quantities  graphically  as  follow©; 

Stage  of  flow. 

I  and  II  5  pressure  equivalent  to  the  critical 

©heari  ng  a  tress  requilred  to  laitiate 
motion* 

lit  £©*  •  Slope  -4§~ 

i  ^  o!  R 


intercept  of  the  extrapolated 
assymptatt  to  Q  va  curve  with 
the  pressure  axis. 


1 


7  ~  I  elope 

Iquatiom  C§4)  to  (5?)  assume  merely  tte t  a 
erittcal  shearing  stress  must  be  exceeded  at  the  wall 
before  motion  takes  place.  fM, s  !a  mom  general  than 
Buck  Ingham- ’a  assumption  that -a  tnin  envelope  lay^, 
behaving  m  a  Hewtonlan  fluid,  surround©  the  riioving  plug 
at  wall  ©hearing  ©treasea  less  t lisa  m. 

Scott- Blair  and  Crowther  presented  data  which 
verified  equation  (54). 

BuckinglViri  has  attei^pted  to  represent  the  slip 
at  the  wall  (\5  by  properti^  of  the  oarri^er  fluid* 
However,  \  la  wt  dependent  upon  fluid  properties  alone. 
The  actual  resistance  to  motion  ssiy  be  coiii>  Bared  m  a 
frictional  force  between  the  pipe  wall  and  the  plug. 
Bcott-Blffiir  and  Ctmthot  have  peihaps  obtain a  better 
representation  by  •using  their  data  in  graitiloal  plots 
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to  obtain  the  constants 


T^oVlllvsn  (8;  RkikeG  use  of  origtol 

expression  In  the  form 


(B) 


<y  r  • 

In  solving  of  this  differential  eQuetlon  l:ol.dllen 
does  not  make  the  substitution  .  He  uses 

C,  the  ratio  of  the  plug  racdi^  to  the  radius 

(i.e,  r  »  5  and  X,  the  ratio  of  the  radius  of  any 

layer  to  the  piT^e  radius  {!•€.  t  *  ~  )  to  siit|>lify 
the  solution.  This  slmplif  ie  at  ion  gives  rise  to  the 
f  o  Homing  m  xpr  as  el  ‘ons : 

Velocity  at  any  point  In  the  streamline  shell 
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im) 


Velooity  of  the  plug 

=  /±RJL  h 
/  ^ 

Volumetric  rute  of  flow 

Q  «  /3V ffi  c< 

7 

.Aversf^e  velocity 

1/^  =  ^JL2l. -  <;r 


.here 


::  c  .  4  V  ^  3 
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(68) 
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(63) 
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Of 
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(64) 

n  = 

.  1  -  EC  ECX  -  . 

^  BC  ^ 

(65) 

Other  dl mensionless  ratios  i^hlch  "'ct-illsn  found  useful 
are 


t  =  1 


4  C  «< 

(66) 

^  ^  ■-■  £li 

3 

(67) 

a  =  h)  jj.  (  1  - 

■  'LX 

(1  -  Xm) 

(68) 

Y  »  (1  -  1  ) 

(6«) 

Reynolds  /Vp  =  *  m 

/<=*”/ 

'  (1  -  X, 

(70) 

With  these  equations  su.ggests  a  trial 

r,nd  arrcur  mtwd  of  obtaining  m  argi  ^  from  presi^ure  drop 
f^easurements  at  any  t’^o  dl  ff  erent  f  lo^&'  rates.  Tid  s 
.method  is  oitlined  in  the  appendix. 

McFllIcn  does  not  accept' Buck theory 
that  the  suspension  slips  through  the  pipe  as  a  solid 
plug.  H5.S  data  which  is  for  a  quasi- liquid  inc’dcates 
that  the  slip  at  the  wall  Is  negligible.  He  further 
suggests  tlist  a  yield  ^a;lu  e  is  an  entirel^^  fictitious 
concept  and  If  any  ©tress  is  applied  to  a  suspension  it 
will  defoitn  p^manently  provided  expugh  time  Is  allowed 
for  the  flm  to  take  nlaee.  TM  a  Is  equivalent  to 
c  la  ss if y i ng  a  1 1  s\.ts o en  si o  ns  as  qm  at  -1 1  qui  as  . 
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!s*'cFilllen  points  out  that  it  is  possible  to 
have  jlagp  str ©art line,  oad  turbulent  floi^  6:ri8ting 
together.  McKillen  considers  that  turbulent  flow 
occurs  first  at  the  axis  of  the  pipe  (i.e,  at  jBsaxiMUri 
Reynolds  number)  and  spreads  towards  the  pip©  wall* 
However,  for  plug  flow  the  apparent  viscosity  is 
infinite  at  the  plue;  bcund^u’y,  giving  a  -zero  value  of 
Reynolds  number  so  that  the  Reynolds  number 
distribution  is  as  shorn  below  in  figure  (4) 


Fig.  4. 

It  till  be  noted  that  the  maximum  Reynolds 
number  exists  between  the  plug  and  the  pipe  wall. 
MoMillm  therefore  suggests  that  there  will  be  a  ten* 
dency  to  fOOT  a  turbulent  annulus  while  there  is  still 
a  plug  core. 
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SUMMARY  AHD  CQfVP/BXSON  OF  THEORY 

The  results  of  the  several  theoretical  approaches 
may  be  sumisBrlzed  as  follows; 

1.  Poiseullle^s  expression  for  Newtonian 
fluids  in  streamline  Mtion  results  in  an  expression 
for  the  friction  factor  of 


(Figure  1,  Curve  I) 


S.  Bingham’s  am  lysis  applies  to  true  plastics 
and  approxlmat  ely ,  at  hi^  rates  o  f  shear,  to  quasi 
liquids  and  pseudo  plastics.  His  analysis  is  for  the 
case  where  the  applied  stress  exceeds  that  required 
for  flow.  The  resultant  form  of  the  friction  factor 
is 


1 


(Figure  1,  Curve©  II,  III,  V) 
3.  slii^llf Ications  mad©  by  Babbitt  and 

Caldwell  reduce  the  application  of  Bingham’s  equation 
to  an  sppioximat ion  for  true  plastics  or  e  second 
approx Imatlon  for  pseudo  plastics  and  <iia si-liquids. 

The  friction  factor  is  given  by 


(Figure  1,  Curves  II,  III,  V) 
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4.  Parent  by  a  different  approach  has  arrl'^ed 
at  the  sa.T@  results  as  Binghte  for  a  true  plastic  jQovdng 
in  strearline  Eotion  with  a  plug  core. 

5*  Bucklnghaia  has  obtained  a  more- general 
representation  of  'lihe  case  of  a  true  plastic  by  including 
the  wall  effect  \fmn  the  app.lied  stress  is  less  tl^n  the 
yield  point  but  greater  than  the  critical  stress  req\ilred 
to  initiate  flow,  fhe  express  Ion  for  the  friction  faotcr 
which  arises  out  of  Ms  work  is  glren  beloif  appli^ 
also  as  an  appioxijmtion  t  o  quasi-liqui ds  and  pseudo¬ 
plastics. 


f  » 


(figure  1,  OiXTvm  II,  III,  V) 

6.  Scott- Blair  and  Crcswther  have  altered 
Buckingham's  equation  to  include  the  effect  of  tlB  critical 
stress  required  to  overcorf.e  the  friction  at  the  wall.  By 
redefining  terms  thoy  teve  avoided  the  use  of  a  ’Muorl- 
cating  layer’^  to  explain  the  wall  effect  when  only  plug 
flow  exists.  The  expres-sion  for  tija  friction  factor 
'using  tiBir  theory  is 
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(Figure  I,  Curves  II,  Ill,  V) 
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7.  McMlllen  has  us-©d  Bingisaiiits  arfilysis,  together 
with  certain  dimens  ionless  ratios  which  he  claims  make  cal¬ 
culations  easier,  to  investigate  p  las  tic  flow.  His  data 
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Indicate  that  the  slip  at  the  «aU  (^h)  non-existant 
vhlch  is  very  convenient  since  it  1©  so  difficult  to 
evaluate.  Further  the  ds^a  Ind  ioate  thet  the  ireterial 
with  vliich  he  was  word  ing  Is  a  quasl-lleuia  rattier  than 
a  true  plastic.  The  fact  that  he  ms  eble  to  correlate 
his  data  by  rr’eans  of  equations  based  on  the  flow  of 
plastic  materials  indicates  that  at  practical  flow  rates 
the  as.:-umption  of  a  yield  value  la  just  Ifiable. 

The  dimensionless  ratios*,  and  sqx^tions  derived 
by  allow  a  vi sualixB.tion  of  the  flow  prcxseas  ur^ier 

Inves  iigation  *  They  also  give  a  method  of  calculating 
Re^molds  rturrber  at  any  point  In  a  plastic  flowing  within 
a  circular  pipe* 

The  material  which  has  been  discussed  above  has 
been  applied  largely  to  those  flow  rates  below  the  transition 
from  streamline  to  turbulent.  Very  11  ttle  invest ! gatlon 
has  bet-n- reported  for  turbulent  flow-  of  au  a  pensions.  The 
data  of  Babbitt  and  Caldwell  (&)  In  an  extension  of  their 
previous  work  indicated  that  for  turbulent  flow  th© 
friction  factor  (f)  may  be  correlated  with  ,  where 

yO  is  the  density  of  the  suspension  is  tht;  viscosity 

of  the  carrier  liquid,  to  give  lines  coinciding  with  that  of 
thaBeynolds  friction  factor  diagram  already  refei'red  to 
1n[//f}^  They  explain  the  aifferenl  curves  wploh  they  get 
on  th©  ban!  s  o f  th  e  e ffect^  of  tbs  relative  rou^nes^  of 
the  pipe  us^. 

It  was  noted  pi'eviously  that  for  a  iNowtoxiian 


fluid  it  is  possible  to  obtain  tie  same  expressions  for 


(isO) 


pressure  drop  du©  to  friction  by  dlMnsionul  bnelysls 
or  analytically  (  Poiseui  Il©’s  ueiiiod).  The  ti-coreticbl 
mett’ode  which  may  be  apnil  ©d  to  the  flow  of  subr^enslons 
have  erlsobecn  (iisousaed.  It  1  s  of  interest  to  see 
whether  si  mi  la  r  exiles.:  Ions  be  obtained  by  almenblcnal 
bmlysls. 


DlgBnat  on?il  /-na  lys  Is 

The  factors  w-’di  are  expected  to  influence  the 
f  lo  w  of  a  tru e  p lu st  i  c  iaad  wiii. ch  a pp  roi  Ima te  ly  repr  ©seat 
quas i-liquida  and  pseudo-plastics}  (Fig*  1,  Curves  II, 
T^'‘,  V)  ©re  listed  belois: 

H  -  the  radius  of  the  pipe 
A  -  the  roughness  depth 
"  -  the  length  of  pipe 
V  -  the  velocity  of  flow 
/o-  the  density  of  the  flowing  fluid  . 
rj  -  the  coefficient  of  rigidity 
nt  -  the  yield  value 
^  -  a  proportion© llty  constant 
-A/7-  the  pressure 
Assume  a  .'^owar  function  and  let 


-  AP  =2R« 

The  dimensions  of  this  ecuatlon  are; 
L 


(71) 


F 

Tt 


[ri)^  (  ih)^  {72) 


(51) 


For  this  equation  to  hold  true  the  foilov^dng  osxiditions 


must  be  satisfied; 

F  «  0  *  -1  +  f  -  g  (75) 
M  =  0  =  d  +  e  +  g  (74) 
LssO-i2  +  a4b4C-3d-‘e-Ef+g  (7o) 
@  »  0  *  -0  -e  -Eg  (76) 


Letting  b,  d,  aid  g  b©  Independent  ¥arlebles 

then  a  s  d  4”  g  -  b 
b  r  b 
C  a  d  -  g 
dad 


e  •  -d  -g 
f  »  1  +  g 
S  —  S 

ubstituting  In  ei^uation  (71)  gives 

-  AP  *  2E^''6-b  ^-1-s  m^-s  (^)li 

J±, 

m*  myS 

It  is  knoun  that  press iore  erop  is  proporti onul  to  length 
so  b  a  1  then  letting  be  some  unknown  function 


.p  =  (S^,» 
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(79) 
(17) 

(80) 


(81) 


(53) 


Equation  (81)  suggests  possible  of 

correlating  the  frlctton  factor.  However  sl.ma  it  is 
basef!  on  e  power  fiinction  and  tlm  tl-Bai-et loal  derivations 
Indicate  seri^  functions  its  uaefulaess  is  ruestiomble. 

.A  second  noint  to  be  noted  Is  that  equation  (81)  does 
not  contain  the  pressure  drop  ijsplicity  and  If  It  could 
b 0  us  ed  ax  Id  e  l!  mlnat  a  muc  li  t r  ia  1  a nl  a  rr  or*’  cal  oul.  a  t  ion • 
Ms  doef:^  not  sir^plify  the  prciblern,  hov^evar,  tr®re 

is  still  the  matter  of  the  unknown  faction  tern  la 
equation  (81) . 

The  results  of  the  theoretical  wcark  ij:siicc;^e  that 
a  certain  ?4fiOunt  of  ^trisl  and  error”  caieuiatton  is  to 
be  excyected  in  Siting  the  frlctlcn  factor  since  the 
pr  es sur  e  dro p ,  w  hi c  h  de s  on  t  he  fr  io  t  !c^*. f t  or ,  mum 
be  cl'iosen  first,  then  the  friction  factor  calculated  snd 
finally  the  prmBum  drop  checked.  For  this  reason  it 
is  believed  that  the  simplest  method  of  obt  a  tiling  a  first 
ntpproxd mation  of  the  friction  factor  should  be  used. 

The  methods  of  Buckin^-jm  and  Beott-Blair  and  Croi^tiBr, 
while  giving  accurate  result...,  appear  rather  oaiiplex  for 
lndiistr!.al  use.  Babbitt  and  CaMwell  present  the  simplest 
metmd  but  as  Parent  pointed  out  it  is  inaccursite. 

For  t  h  ©  St  ream  11  n  e  1  on  Pare n  t*  s  mat  nod  of 

pressure  drop  estl  on  gives  re  It  able  results  and  the 
metliod  of  Babbitt  and  Caldwall  may  be  used  where  extreme 
accuracy  is  not  required.  i^Wlllen’a  a, iiriena ionless  ratios 
give  a  picture  of  local  conditions  at  a  point  within  the 
pipe.  T  hey  s  imp  11,  f  y  t  h©  c  al  cul  a  1 1  on  of  the  pr  op  er  tl.  ©s 
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of  the  suspenston  frort  flo^  data.  The  inetlpd  of  Babbitt 
and  Caldwell  for  the  turb';lent  I'eglon  is  at  present  the 
only  one  available. 

It  would  appear  then  tiia  t  it  Is  poeelbls  to  use 
the  current  methods  of  pressure  drop  estimtim  for 
liquids  eanblned  with  the  proper  rheoiog.ic'^l'  properties 
to  desl^'m  pipe  lines  for  handling  solid  suspensioi^s. 
Kowevert  the  publishe:^  data  are  rathe:  scaroe,  coverii^ 
only  a  limited  of  soli  da*  eonc  t^nt  ra  lion  and  the 

follow  inf  question  reo^ains  to  be  answered:  Are  the 
present  met  hods  of  presr -ire  drop  ealeulatlon  applicable 
over  wide  ranges  of  sollde  cc^icsnt ration  and  for  all 
rates  of  f lo^  It  Is  with  tMa  quest !j'.m  Ln  mind  that 
the  present  inv  as  it  gat  ion  Is  being  carried  out. 

Tie cos  imetry 

The  theoretical  discussion  has  Indicated,  that  tb© 
rheological  prr:pertlea  of  plastic  which  must  be  determined 
in  order  to  evaluate  the  flow  cha racter!.s tics  are  the 
yield  value  and  the  coefficient  of  rlglllty.  These  In 
turn  nay  be  obtalnefi  by  measuring  the  rate  of  shear  at 
different  shearing  stresses.  Of  the  many  devices  whic, 
are  us ed  t  o  mmnm  rh eo log Ic  al  pr 'Oi-^er  ties  t hr ee  g e ner a  1 
types  appear  to  be  readily  applicable  to  the  meaouremmt 
of  rate  of  shear  and  a  hear  in  g  s  tress  *  These  are: 

1.  The  type  o  f  Inst rumsent  jmkir^  use  of  flow 
through  a  capillary  tube.. 

2*  The  Instruynent  which  causes  the  tangential 
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displacement  of  two  cylinders  or  plates  immersed  in 
the  material  being  tested. 

3.  The  torque  type  of  instrument  whic h  measures 
the  torque  exerted  on  one  cylinder  by  the  rotation  of  a 
second  cylinder  about  their  common  axis  when  the  space 
between  the  two  is  filled  with  the  material  being  tested. 

A  capillary  tube  viscosimeter  proves  unsatis¬ 
factory  for  the  measurement  of  the  rheological  properties 
of  a  suspension  due  to  the  tendency  of  the  solid  particles 
to  plug  the  bore  if  a  higja  percentage  of  solids  is 
present.  If  the  percentage  of  solids  is  lo?j  enoigh  to 
prevent  plugging  there  will  be  a  tendency  to  settle  out. 

A  further  point,  which  is  not  a  defect  but  which  com¬ 
plicates  the  use  of  a  capillary,  is  the  necessity  of 
applying  kinetic,  energy  corrections  for  the  end  effects, 
and  correcting  for  any  change  in  terrier ature  which  may 
arise  from  these  kinetic  effects. 

Any  viscosimeter  employing  the  tangential  di  s- 
placeirent  of  cylinders  or  plates  is  not  suited  for 
materials  containing  water  since  the  surface  tension, 
being  so  great  in  relation  to  the  viscosity,  completely 
masks  the  effect  of  the  latter.  A  second  and  very 
serious  disadvantage  of  this  type  of  instrument  is  that 
the  relationship  between  plate  diipiocemen-t  and  shearing  stress 
is  not  linear  even  for  a  Newtonian  fluid. 

The  torque  type  of  instrument  has  none  of  the 
above  mentioned  defects  to  any  appreciable  extent  so  it 


(35) 


1«  to  be  reconnnended  for  the  ineasurair;e nt  of  the 
rheological  properties  of  a  suspension.  The  final  choice 
Is  between  two  subtypes  of  this  classj  the  ’iucMIchael 
and  the  Storm^r, 

The  i^acl^ichae  1  ll!scos!.tnet8r 

The  KacMichael  Tisooslmeter  oomists  of  tso 
concentric  cylinders.  The  outer  cylinder  is  rotated  at 
a  fixed  rate  of  speed  and  holds  the  sample  being  tested. 
The  inner  cylinder  is  solid  and  is  susDcndei  by  means  of 
a  torque  wf  re  so  as  to  be  almost  oosplotely  immersed  in 
the  sample.  A  pointer  and  scale  are  used  in  conjunction 
i?ith  the  torque  wiie  to  Indicate  the  deflection  of  the 
inner  cylli^er.  This  viscosimeter  requires  calibration 
toestabli^  the  relationships  between  sharing  stress  and 
the  viscosity  or  coefficient  o  f  rigidity  and  the  obse^ed 
deflection  and  relative  rotation  between  the  cylinders. 
This  instrun,.ent  reqid.  res  great  care  In  use  to  prevmt 
overrange  of  the  torque  wire.  For  Uds  reason  it  is  not 
cosjmonly  i^ad  in  iidustry. 

The  Stormer  Viscosimeter. 

In  the  Stormer  V  iscosljrat  er  the  outer  cylinder  is 
fixed.  The  Inner  cylinder  is  hollow  end  rotates  about 
a  baffle  attache!  to  the  bottom  of  the  outer  cylinder. 

A  thermometer  well  la  also  attached  to  the  outer  cylinder 
or  cup.  The  Inner  cylinder  or  rotcr  is  supported  fmm 
above  by  means  of  a  shaft  which  is  geared  lo  u  small  dru’r. 
Heights  tire  attachei:  to  a  oo  id  is  wound  round  the 
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druiiu  The  %elghts,  ^en  allowed  to  Tall,  impciirt  a 
rotation  to  both  drum  ami  rotor.  The  rovolutlona  of 
the  rotor  are  Indie  ateci  by  uieans  of  a  counter  attached 
to  the  top  of  the  rotor  aha  ft. 

The  shearing  stress  Is  readily  obti^inable  from 
the  applied  weights  but  the  viscosity  anc  coefficient 
of  rigidity  are  only  obtainable  by  calibration.  The 
mechanism  of  this  instruf.'^nt  is  much  more  rugged  than 
the  Macl'ichsel  ani  for  this  reasoi  it  is  preferred  by 
industrial  users  even  though  the  latter  instrument  will 
measure  lower  shearing  stresses* 

A  Stormer  viscosi jaeter  (fig.?)  was  used  in  this 
study  since: 

(a)  A  Starmer  vis cc^i aster  was  readily  available; 

(b)  It  is  the  type  which  Moat  industrial  esta'bli shmexits 
could  be  expected  to  have; 

(c)  A  preliminary  oslibretim  indie atec, that  it  could  be 
used  over  the  range  of  results  expected. 


A  irathematioal  Analysis  of  the  dtormer  Ylscosimeter 

The  torque  applied  to  the  rotor  of  t lie  viscosLmeter 
is  given  by 


r  w 


(82) 


where  T  r  torque 

A  s  radius  cf  small  gear  of  load  trai^mi  salon  system 
R  »  radius  of  large  gear  of  load  transmission  system 
r  =  radius  of  line  drum 
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w  =  load  applied  to  line. 

If  the  applied  tcorque  gives  rise  to  a  stress  S 
at  the  wall  of  the  rotor  then  tils  torque  and  stress 
are  related  byT^SrrASlA  (83) 

where  A  «  the  radius  of  the  rotor 
1  =  the  length  of  the  rotor. 

Since  both  the  inside  and  outside  of  the  rotor 
are  acting  to  produce  a  stress,  then  the  torque  at  the 
rotor  wall  is  given  by 


=  E  ir  1  S  (Af  A^ 


where  A,  «  outsi  de  radius 


A^  -  inside  radius. 


(84) 


On  the  underside  of  the  rotor  the  shearing  stress 
on  an  element  a  distance  "a”  frcm  the  centre  is  given  by 


a 
A  / 

The  area  of  this  element  i  s  2  ir  a  d  a 

^  S 


so  the  shearing  force  is  E  jf  a 


TT 


d  a 


The  total  torque  on  the  bottcm  of  the  rotor  is  then 
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T^  =  znr  s 
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The  total  torque  on  the  rotor  is  then 
r  w  *  S 


T  = 
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or  S 
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For  the  pirticular  vis  cosiiieter  used 

2 

3  =  C.  002^1  w 

where  S  =  shearing  stress  in  1  b  s/ft* 
w  =  load  In  grars. 

To  obtain  the  yield  value  of  the  material  being 
tested  substitute  the  load  at  zero  rate  of  stesr  for  w. 
l^iis  analysis  a  that  the  mectoiii  c  I  friction  of 

the  i n St r  mm n  t  is  1  i  gi fe le . 

The  relationship  between  viscosity,  rate  of 
shear  and  shearing  stress  of  a  Newtonian  fluid  in  stream¬ 
line  riotion  is  shown  In  Fig,  1  (page  5  ).  The  ecuatlon 
giving  this  ralatlonsh'P  is 


S  = 


^  ±JL 

W 


(1) 


which  for  a  circular  pipe  becomes 
S 


d  V 
d  r 


(92) 


similar  relationship  is  noticed  for  Stormer 

clo4q 

vl SC osi met er^a s  s ro m  in  the  fig ure  b el ow : 


Fig.  5 


(S9) 


•w  =  the  load 

N  «  the  revolutions  per  secoid 
A.=  the  slope  of  the  line* 

The  equation  giving  the  relationship  is 

w  =  An 


Now  N 


d  V 


d  r 

so  let  N  =  k:, 


Also  w  dc  S 


d  V 

d  r 


so  let  w  a  S 

S  =  X 


d  V 

d  r 
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(95) 

(96) 


Equating  t  hi  s  to  equation  (92)  results  in 


d  V 
d  r 


k  I 


d  V 
d  r 


or 


aK 


(97) 

(98) 


yO  = 

Since  K  for  the  instrument  appears  to  be  a  function  of 
a  graph  of  viscosity  i^)  vs  slope  ( 
be  obtained  by  a  preliminary  calibration  of  the  viscosimeter 


The  relationship  between  coefficient  of  rigidity, 
shear  and  rate  of  shear  is  given  by  equation  (  2  )  and 
is  illustrated  in  Fi gars  1  (page  3  ) 


7  *  (S  ~  g-) 


(2) 


d  V 
d  X 

For  a  circular  pipe  this  becanes 
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The  corresponding  relationship  for  a  Stormer 
viscosimeter  is  show  in  Figure  6  below 


The  resulting  equation  is 


(w  • 

-  u)  = 

X(N) 

(100) 

which  since 

N 

= 

k  ^ 

'dr 

(101) 

bee  omes 

(w 

-  u)  =  k 

^  d  V 
/  d  r 

(102) 

but  w  = 

S 

(103) 

and  u  = 

k  ^  m 

(104) 

so  w  - 

ti  =  (k^  1 

3  -  k;.  m) 

(106) 

(S  -  m) 

(106) 

Substituting  equation  (106)  in  equation  (102) 
results  in 


(S  -  id)  =  d  V 

kz  d  T 

Squat  ing  t  M s  to  e q.u ati on  (99)  g  i ves 

k  /  2  ^  ^  ^  d  V 

ki.  dr  ^  d  r 


(107) 


(108) 


(41) 


or 


(109) 

Therefore  the  calibration  chart  for  the  instrument 


obtained  from  data  on  knoMi  viscosities  may  be  interpreted 
to  give  coefficients  of  rigidity. 


(42) 


Fig 


a 


Stornier  Viscosimeter 


(43) 


5  i^x-perlmoatal  EQUipment, 

The  experimental  equipment  may  be  considered 
under  two  general  headings; 

1.  Apparatus  used  to  determine  the  suspension 
properties. 

2.  The  flow  circuit. 

Suspension  properties; 

The  equipment  used  to  obtain  the  density, 
percent  solids  and  viscosimeter  data  is  largely  standard 
laboratory  equipment  and  a  list  is  given  below; 

1.  1000 ml  graduate  cylinder. 

2.  9'’x  7**x  2”  enamel  pah. 

3.  Cenco  Type  B.  drying  oven. 

4.  Standard  0-100*^0  Thermometer. 

5.  Cenco  triple  beam  balance. 

6.  Elgin  Stopwatch  reading  in  l/lO  of  seconds. 

7.  Stormer  viscosimeter. 

The  Stormer  viscosimeter  has  been  described 
previously  (page 35)  and  a  photograph  of  it  is  given  on 
page  42  (Fig.  7). 

The  Flow  Circuit: 

The  flow  circuit  (Fig. 8  page  44)  consists  of 
several  distinct  units.  These  are: 

1.  The  supply  tank. 

2.  The  pump  and  motor. 

3.  The  test  sections. 

4.  The  weighing  tank  and  scales. 

5.  The  pressure  taps  and  sight  glasses. 

6.  The  manometers. 


7. 


The  controls 
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Fig.  8.  Flow  Circuit. 


(45) 


Fig.  9.  Supply  tank.  Pump  and  Kotor. 


A  a et ailed  description  of  these  units  is  given  below. 
The  Supply  Tank. 

The  supply  tank  (Figs.  8,9)  is  constructed 
of  18  gauge  galvanized  iron,  welded  to  form  a  cyl¬ 
inder  3’  long  by  2’  in  diameter  with  a  conical 
bottom.  The  ihside  of  the  tank  is  coated  with 
asphalt  to  protect  it  against  corrosion.  A  light 
frame  of  1^*  angle  iron  serves  to  support  the  tank 
directly  above  the  inlet  of  the  pmp.  In  order 
that  the  tank  may  be  removed  for  repairs  when 
necessary,  a  union  is  attached  to  the  bottom*  A 
Tee  is  inserted  between  the  union  and  the  piimp 
in  order  that  a  by-pass  may  be  placed  across  the 
pump  at  some  future  date. 

The  Pump  and  Motor. 

A  Moyno  positive  displacement  pump  (Fig. 9) 
is  used  to  circulate  the  slurry.  To  effect  the  positi 
displacement  this  pump  employs  a  steel  screw  rotating 
et  770  RPM.  idthin  a  rubber  lined  shell.  At  this 
speed  the  rated  performance  is  35  gpm.  against  a 
pressure  of  75psi,  The  pump  is  driven  by  means  of  a 
5  HP,  3  phase,  220  volt,  electric  motor,  the  two  being 
connected  pby  Yee  belts. 

The  Test  Sections. 

The  test  sections  consist  of  two  40*  lengths 
of  hard  drawn  copper  tube,  0.786*’  and  1.277”  actual 
inside  diameter,  and  and  Ij”  nominal  outside 
diameter.  They  are  supported  on  angle  iron  brackets 
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in  eticih  a  imnnar  8 a  to  parallel  the  building  wall 
and  be  sufficiently  far  frorri  it  to  allow  insuic^tion 
to  be  applied  to  the  tubes  if  necessary*  One  end 
of  each  tube  Is  connected  by  appropriate  fittings 
80  as  to  torn  a  return  bend.  A  Te©  In  this  bend 
serves  as  a  thermometer  well  when  needed,  Tlie  other 
end  of  the  I**  tube  is  connected  to  a  Tee  which  allow© 
either  water  from  the  malnt,  cr  suspension  froir.  the 
pump  outlet,  to  be  run  though  the  test  sections.  The 
IJ”  tube  is  cemnE/. clad  to  a  v^rtleel  pipe  f^hl.ch  leads 
to  the  weighing  tank  directly  above  the  supply  tank* 

An  end  view  of  the  test  sections  is  shown  in  Fig.  10 
page  48* 

Hote;  Special  care  was  exercised  in  joining  the 
supplied  IE*  lengths  of  copper  tub©  to  insure  that 
the  whole  40*  would  b©  as  sr^oth  as  possible.  The 
lengths  were  cut  so  that  only  on©  joint  wouhi  fall 
within  the  section  over  ^rlch  the  pressure  drop  was 
to  be  measured*  Test  joints  were  made  emd  out  open  to 
determine  what  procedure  rcfjulted  In  the  amoothect 
joint.  A  photograph  of  on©  of  these  is  shown  In  Figure  11. 
Scales  and  Weighing  Tank. 

A  set  of  Fairbanks  Scales,  cspaclty  500  lbs. 
and  graduated  in  half  -  pound.© ,  weighs  the  dl  charge  of 
each  run.  The  weighing  tank  Is  an  oil  drum  with  one 
end  rcjmoved  and  a  gate  valve  (04)  set  into  the  other 
end  to  allow  the  tank  to  be  ©ci^.ptied.  The  scales  and 
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■Fig.  10,  End  View  of  Test  Sections 
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tank  are  so  positioned  as  to  allow  the  slurry  to  run 
from  the  weighing  to  the  supply  tanks  by  gravity  flow, 

A  3”  pipe  at  the  side  of  the  scales  acts  as  a  by-pass 
when  the  tank  is  being  emptied,  A  photograph  of 
this  setup  is  given  in  Figure  1S^51. 

The  Pressure  Taps  and  Sight  Glasses , 

Pressure  taps  an(3  si^t  glasses  are  located 
11.5’  and  51.5’  from  the  inlet  of  the  tube  and  17’ 
and  37’  frora  the  inlet  of  the  1^”  tube,  (The  calculated 
required  calming  lengths  are  9.16’  and  14,8’ 
respectively.)  The  actual  construction  of  these  is 
best  described  by  means  of  a  diagram.  A  sketch  of  a 
pressure  tap  cross  section  is  shown  in  Figure  14  and 
a  photograph  of  both  a  pressure  tap  and  a  sight  glass 
is  given  in  Figure  13.  The  plastic  line  from  the  upper 
side  of  the  sight  glass  leads  to  the  manometer  board. 

The  two  taps  are  for  the  puip  ose  of  flushing  and 
deaerating  the  equipment  and  adjusting  the  slurry 
level  in  the  sight  glass. 

The  Manometers, 

Two  5’double  cleanout  Meriam  manometers  are 
used  to  measure  pressures.  They  are  connected  to  the 
sight  glasses  with  plastic  tubing,  the  arrangement 
of  these  pressure  leads  is  shown  in  Figure  15  page  54. 
One  of  the  manometers  is^  used  in  the  upright  position 
with  fluids  heavier  than  water.  The  other  is  inverted 
for  use  with  fluids  lighter  than  water,  (Figure  16 ^  Two 
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Fig.  13.  Pressure  Tap  and  Sight  Glass 


(53) 


Fig.  14.  Cross  Section  of  a 
Pressure  Tap. 
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Air 

Vent  (Compressed)  Vent  Water  Vent 


Fig.  15 


Pressure  Connections. 


fig.  16.  ManoHieters 


traps  are  Inserted  in  the  pressure  leads  just  before 
they  connect  to  the  upri^t  manometer  to  prevent  any 
mercury  from  being  blown  out  of  the  manometer  into 
the  ccpner  tubes.  These  traps  also  serve  as  manifolds 
to  catch  any  air  which  may  collect  in  the  manometer 
lines,  and  to  admit  flushing  water  to  the  system. 

The  six  manometer  fluids  used  are  listed 
below  with  their  approximate  effective  specific 
gravities.  These  fluids  in  the  5’  manometers  allow 
a  pressure  measurement  range  of  1C-'  to  750  inches  of 
water. 


Manometer  Fluid 


Effective  Sp.G, 


1.  Carbon  t e t rach lo rid e- Tur p eht i ne  0.010 

later 

2.  ,  Air  -  1.00 

Water 

3.  T/ater  0.10 

Carbon  tetrachlorlde-Turpentine 

4.  later  12.53 

Mercury 

5.  Carbon  tetrachloride-Tiirpentiue  6.10 

HgO 

6.  Carbon  tetrachloride-Turneritine  0.050 

Hgfl 


Lighter 

than 

water. 

Heavier 
than 
water . 

LI ghter 
than 
wat  er . 


Calibration  ct^rts  for  numbers  1,3,  5  and  6  are  given 


on  pages  73,  76 


Control. 


Two  control  valves  are  in  the  flow  circuit.  A 
Coarse  control  of  the  flow  rate  is  obtained  by  means 
of  a  gate  valve  in  the  by-pass  from  the  pump  to  the 
supply  tank  (Gg  Fig. 8).  The  fine  adjustments  of  flow 
control  are  made  possible  by  a  diapliram  valve  inserted 
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in  the  vertical  line  leading  from  the  It’*  tube  to  the 
weighing  tank.  This  valve  (Gg  Fig. 8)  is  operated  by 
remote  control  from  the  manometer  panel. 

To  obtain  this  remote  control  a  Selsyn  motor 
is  mounted  on  the  diaphram  valve.  A  second  Selsyn 
motor  is  mounted  on  the  panel  board  with  a  small  handle 
attached  to  its  rotor.  The  two  rotors  are  loaded  with 
SO  volt  60  cycle  single  phase  electricity.  The  motor 
stators  ai*e  connected  by  three  strand  signal  cable. 

Operation  of  the  Selsyn  mounted  on  the  manometer  board 
xoauses  the  rotor  of  the  other  Selsyn  to  open  or  close 


the  diaphram  valve 
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IV.  Experiissatal  l^ocedirc. 

Suamnsion  Properties; 

The  experimental  procec^ares  followed  In 
obtaining  the  properties  of  the  suspent- ions  (i.e. 
density,  percent  solids,  and  viscosiiLeter  data,)  are 
detailed  below: 

Density; 

To  determine  tbs  density  of  the  suspension  a 
tared  graduate.,  flask  w  cylindei*  was  fillerj  exactly 
to  th©  one  litre  mark  with  slurry  and  the  weight  noted. 
The  net  weight  in  kilogram^  was  then  taken  as  th© 
density  of  tbs  suspension  (in  letrlc  units).' 

Percent  Solids: 

To  find  the  percent  of  solids  in  the  slurry 
a  tared  p.an  was  partly  filled  with  a  scsmpla  of  th© 
suspension  end  the  weight  noted.  The  pan  was  then 
placed  in.  a  drier  at  lOO^G.  and.  weighed  periodically, 
until  constant  weight  was  attained.  The  final  net 
weight,  after  drying,  divided  by  the  ori^slnal  net  weight 
times  100^  was  used  as  tlie  percent  solids. 

Shearing  stress-rat©  of  ^ear: 

A  standard  Stormer  Viscosimeter  (.Fig.  7,  page  4E) 
was  ernployed  to  obtain  shearing  stress-rate  of  shear 
data.  The  time  renuired  for  one  hurdr^i  revolutions  of 
the  rotor  was  noted  for  each  of  at  least  five  different 
loads.  The  loads  used  were  seXecteci  so  as.  to  give  date 
in  the  streamline  flow  region. 
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Pipeline  Measurements; 

Tile  procedures  used  in  securing  data  on 
suspensions  and  on  water  differ  slightly.  The  methods 
for  handling  suspensions  will  be  described  first  and 
the  simplification  possible  when  water  is  the  fluid 
will  be  mentioned  1*  ter. 

It  was  necessary  to  soak:  the  clay  being  used 
for  some  time  previous  to  the  start  of  the  set  of  experiments. 
This  was  done  by  filling  an  empty  oil  drum  half  full  of 
w’ater  and  adaing  clay  until  the  drum  was  nearly  full. 

This  stock  was  added  to  the  supply  tank  as  ret^uired,  to 
bring  up  the  solids  concentration  of  the  suspension. 

Circ  ulati  on; 

The  by-pass  from  the  pump  (G^Fig.8,  Page  44) 
to  the  supply  tank  was  always  examined  at  tae  start  of 
each  run  to  insure  that  it  was  open.  After  this  was 
checked  the  pump  was  s  ter  tod  and  the  suspension  allowed 
to  circulate  between  the  supply  tank  eind  the  pump  for 
6  period  of  at  least  ten  minutes.  During  Hais  time, 
any  solids  required  to  adjust  the  composition  of  the 
suspension  were  added  to  the  supply  tank.  When  the 
composition  had  been  adjusted  the  gate  valve  (G^Fig.S) 
which  isolates  the  pipeline  from  the  pump  was  opened. 

Following  this  the  discharge  valve  (GgFig  8)  was  opened 
alloving  the  suspension  to  flow  through  the  pipeline. 
Circulation  under  ^^wide  open”  conditions  was  continued 
for  ten  minutes.  It  was  necessary  to  rinse  out 
the  weighing  tank  to  insure  that 
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any  material  from  previous  runs  ifas  removed. 

Suspension  properties; 

'  Yylien  circulation  bad  continued  long  enough  to 

thorou^ly  agitate  and  mix  the  suspension,  saiiples  were 
removed  for  the  determination  of  the  properties  of  the 
suspensions  as  described  previously. 

Deaeration  of  lines: 

When  Vile  above  preliminary  data  had  been 
socrred  the  pressure  taps  and  manometer  lines  were  de- 
eciQfeJin  preparation  for  the  pressure  drop-flow  rate 
measurements.  The  gate  valves  below  the  sight  glasses 
(Fig.  13, page  52)  were  opened  to  allo\'?  any  air  trapped 
under  that  to  rise  into  the  lines.  A  small  volume  of 
suspension  was  allowed  to  flow  out  at  the  same  time 
in  order  to  clear  the  pressure  taps  of  any  material  from 
the  previous  run.  The  gate  valves  were  then  closed  and 
water  admitted  to  the  high  pressure  side  of  the  manometers 
by  means  of  a  line  connected  to  the  mercury  trap  (Fig.  15, 
page  54).  All  of  the  high  pressure  lines  were  then 
flushed  clear  cf  air  and  suspension  by  opening  needle 
valves  on  the  appropriate  sight  glass.  With  the  high 
pressure  side  flushed  and  closed  off  the  water  was  turned 
on  to  the  low  pressure  lines  Lind  the  process  repeated. 

Note  .The  low  pressure  side  should  never  be  open  at  the  same 
time  as  the  high  pressure  side.  Finally  with  the  water 
shut  off  the  gate  valves  below  the  si^t  glasses  were  re¬ 
opened  and  slurry  admitted  to  the  glasses  uhtil  it  filled 
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them  to  the  level  line  marked  on  esich. 

Flow  rate  -pressure  drop-measurements! 

When  the  lines  had  been  completely  flushed 
out  the  fl07^  ttiTough  the  pipeline  was  cut  hack  to 
zevo  and  if  any  pressure  difference  was  noted  on  the 
manom.etars  it  was  recorded.  Then  the  discharge  valve 
was  gradually  opened  until  a  very  sinall  flow  was 
definitely  established.  When  this  flow  had  continued 
long  enough  to  allow  the  manometers  to  attain 
equilibrium,  the  flow  rate  and  pressure  drop  over  both 
test  sections  were  tb corded. 

The  lower  flow  rates  were  measured  by  noting 
the  time  required  to  collect  a  definite  volume  In  a 
graduated  cylinder.  The  higher  flow  rates  were  gauged 
recording  the  time  required  to  collect  a  definite  weight 
of  the  suspension.  The  pressure  drops  across  the  test 
sections  were  obtained  by  connect  lug  the  test  sections 
to  a  manometer  filled  with  a  liquid  of  appropriate 
density.  The  differences  in  level  of  the  two  arms  of 
the  manometer  were  recorded  in  hundredths  of  an  inch. 

After  each  set  of  readings  had  been  taken  tie 
discharge  valve  was  opened  slightly  to  Increase  the  flow. 
The  level  of  the  slurry  in  the  glasses  ?jas  brought  back 
to  the  mark  and  time  allowed  for  the  manometers  to  come 
to  equilibrium  before  the  next  readings  were  taken.  The 
temperatures  of  the  suspension  and  of  the  manometer 
liquids  were  recorded  at  each  flow  rate.  Periodically 
samples  w.ere  withdrawn  to  check  the  density. 
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Shut  do?;n  of  equipirient; 

At  the  conclusion  of  the  run  the  isolation 
gate  valve  {Gjj_Fig,8  page  44)  iwas  closed  and.  water  from 
the  mains  was  admitted  to  the  pipes  to  flush  all  of  the 
suspension  into  the  supply  tank.  Finally  the  piMp 
was  shut  off  and  the  whole  apparatus  washed  to  remove 
any  caked  slixrry. 

Water  runs: 

When  water  alone  Y/as  being  used  in  the 
apparatus  it  was  not  necessary  to  determine  the  density 
every  few  runs  since  it  could  be  readily  obtained  from 
tables  once  the  temperatirre  was  known.  Further  the 
water  was  used  directly  from  the  mains,  excepting  at 
the  very  high  flow  rates,  and  this  eliminated  the  use 
of  the  pump  to  a  considerable  extent. 


(63) 


1  I MilMTAl.  DATA. 

Tile  follo\d.ng  section  presents  the  experimental 
data.  Table  1  lists  oali  oral  Ion  data  for  the 
viscosimeter.  A  fastphai  balance  was  used  to  obtain 
the  specific  eravltles  of  the  calibration  fluids 
(glycerol-water  iclxtures).  The  viseoeltles  could  then 
be  Obtained  from  handbooks  (5).  Table  E  lists  data  fron. 
a  preliminary  study  of  the  clay  being  used  in  this  in¬ 
vestigation.  In  table  3  er©  listed  the  effective 
specific  gravities  of  the  manoigeter  fluids.  The  s|«cif ic 
gravity  of  tha  fluids  was  measured  hy  means  of  a  iestphal 
be  1  snc  e .  The  e f  f  eet  i  ve  s  pm  if  i  c  g  ra vi t  y  was  t  h en  t akm 
as  the  difference  in  gravit  ies  betweei  the  fluid  and 
water  at  the  aame  teevp mature.  The  derpity  of  water  may 
be  obtained  from  a  i^ndbook  (5).  Table  4  gives  the 
properties  of  the  slurries  which  were  pumped  through 
the  pip©  circuit.  Supplekent  ary  data  p  er  tain  ing  to  the 
pipeline  and  the  viscosimeter  s,r©  given  in  table  b. 

The  flow  data  are  presented  in  tables  6  to  I?. 

The  vis  cos  in:©  ter  oalibratlon  data  are  presented 
graphically  In  Figures  (17)  aM  (16).  Figuree  (19) 
and  (£0)  are  the  final  calibration  charts  constructed 
frar>  figures  (17)  ai:id  (18).  The  mnometmr  fluid 
calibrations  are  presented  in  Figures  (£1)  to  (£4)  to 
allow  interpolation  of  the  calibration  data.  Figures 
(£5)  and  (£6)  present  the  v  iscos  liaet  er  a  on  the 
suspimslons  encountered  in  this  investigation. 
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citKimcir  Vificofciinetar  fellbrt,tion 


Water  at  20.6^0  Slope  /  .27  fk  eec/R 


Load  (tpns)  20 

15 

20 

30 

Tiue  fcr  ICO  ,^3*5 

lc-*G 

21*0 

17. 7 

15.4 

H?I2  13? 

21/ 

27g 

339 

390 

Giycerol-it^O  aO^'C 

4.210  CentipoisQ. 

Slox>s  5.B2 

gm.sec/R 

Load  (gio©)' 

ID 

15  2C 

25 

30~ 

TLiie  for  lOCru-vs^  * 

CO.  3 

30.7  '29.7 

24.0 

20,5  ■ 

]2?2' 

93  o 

15.5  206 

250 

293 

Glycci'ol  %0  2G^C 

9.76 

Sloce  '413 

jS  kcc/L 

Lead  (ipa) 

10 

15  "  20 

2  5 

30  35 

Tiine  fcr  iCOx'OYa,'*^ 

27. 7 

24.5  41.2- 

32.7 

27,6  2/a, 

W!1 

69 

no  14.6 

104 

.a? 

Glycerol  11,0  20^0 

7.624 

Caniiociei . 

L.a.r'  5,26 

t^ec/K 

Lrad 

•r 

15  "  2.0 

25 

30 

Tire  for  lOOrers.^ 

76.6 

4r.6  36,5 

^9.3 

2427 

EPM 

nr  ^  i. 

ill  162 

205 

253 

Glycerol  ivO  20*^0 

12.60 

Ceiitiuoiae. 

Oicre  9.175 

LciTid- 

-i*V 

12  “  2C 

25 

30  35 

Time  for  lOOreTS.* 

IOC.  6 

•12.0  2.5 » 6 

pe.  u 

3.^.1  27.2 

^.r':  .0 

B?M 

59. 1 

97  132 

ill 

193  221 

250 

Glycerci  ll^C  20'^G 

/r  rr  ^ 

*  i 

Centipcisc. 

21  ere 

2?  .4 

seq/H 

Load  (gir) 

20 

30  . 

-  40 

50  C0‘ 

5^0 

Time  for  iCOrevs.'^ 

125.3 

S2.a 

61,2 

49  0  41.1 

3  ip 

RPi.i 

47.8 

72.5 

9B 

122  14.6 

r/z 

Load  (fpis) 

30 

90 

100 

llO  120 

150 

Time  for  lCCrova2-» 

30.6 

27.3 

£4.8 

i^4C « U  <6;.a  «  i 

17.1 

L?M 

196 

<!-2J 

£42 

266  29c 

353 

Glycerol  Lp>0  20^€ 

20 « 6 

Gentipoiie. 

Slope 

11,9 

sec/lt,0v 

Load  (gme)  '' 

10 

20  ■ 

30 

40  50 

Tiiif)  fof*  100  re  vs. 

131.9 

56.9 

39.6 

36. 2  24.5 

RPM 

45.5 

102 

151 

19B  245 

*  Average  time 

for  3 

trxciis 

in  Seconds* 

) 
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ulycercl  H^O  20*^0 

73  •  6  Ceiitipc  i  se. . 

Slope  30 . 7  gfii .  ae  e/lt 

Lc£d.  (.•iViC)"' 

30 

75 

IGO 

125 

150  175 

200 

Tiiu0  for  iOurevs.'^ 

59.5 

40*1 

30.5 

25.1 

20.5  18. 

a  15- 

.9 

B?M 

101 

150 

197 

239 

293  332 

378 

Glycerol  iOO  2J^0 

:-:7i.6 

Ctjntlpcise. 

Slope  < 

65. S  gm  sec/K 

Lead 

I'D 

SCO 

250 

300 

350  '  400 

450 

500 

Time  for  100ra"vc.  ^ 

63*2 

41.0 

37.5 

31.0 

26.6  23.4 

20, a 

XE.9 

K?i: 

95 

125 

160 

194 

226  256 

sea 

31? 

Giycaroi  H.D  20'"C 

13d.  5 

Cc^ntipoise. 

Slope  4.6.5  m  BBc/t 

Loud 

100 

150 

200 

250 

175 

Time  for  Icorers,'^ 

41.1 

32.1 

24.4 

19.6 

2S.Q 

PPM 

125 

137 

246 

306 

214 

Weusr  O^C  1.792 

Cmtlpoiee« 

Slope  /.92  . 

aes/R 

Lot.d  (ajup) 

10 

12 

15 

17 

73 

Time  for  lOCreYP."^ 

52.6 

42 . 5 

32.5 

28.6 

.  iCL  y 

BPS 

i;9i 

3.01 

4.08 

Water  20.2"C  1, 

,00  Oentipolse. 

»  Slope  4*2 

Lc>£.d  (grf’') 

ID 

12 

15' 

1? 

20 

Time  icr  lOCKrevs.  ^ 

43.0 

35.2 

27.6 

24*4 

20.9 

BPS 

■  2.32 

ODD 

3.62 

4.1 

/.78 

Glyeerel  ap  20®C 

1*469  Gentipoisa*  Slope  4.*43  0n 

sec/E 

Load  (gms) 

10 

12 

15 

17 

20 

Tiziio  for  ioOrevs  ^ 

47*^ 

36*8 

29.0 

25. S 

22.3 

KPS 

2.07 

a. 72 

3.45 

3.S7 

4.48 

Glycerol'  20® C 

.  3*273  Gen tipoise. 

Slope  5 .29  IP  sec/E 

Lead  (grs) 

10- 

12 

15 

1? 

2(3 

Time  for  100 revs. 

56.6 

47.7 

34.8 

31,0 

26.8 

R?5 

1.77 

2.24 

2.SS 

3.22 

3.73 

600 

15.6 

3B5 


Glycerol  liSj  20^C 
Load  (grae) 

Tiiiie  for  iOO  revB.^ 
BPS  ' 


3.996  Cen’dpoiae. 
10  15  20 

61. 5  36.6  27.8 

1.62  2.74  3.60 


IHope  5.46  gra  sec/K 

25 

22.9 

4.56 


Water  at  2U.2  G  1  Centdpoise. 
Lead  (gins)  10  '  12 

Time  for  lOOrevs.^  40.5  34.0 

KPS  2.47  2.94 


Slope  4. 14-  m  sec/R 
15  17  20 

27.5  23.9  20.7 

3.64  4.1s  4.63 


^Avemge  tiiaG  for  3  trials  in  Seconds 


/l 


t 


j 


i- 

iJ 

11 

i, 

lU 


Speed  R.  R S . 
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V. 

,  V' 


'  \ 


Viscosity  or  Coefficient  of  Rigidity.  (Ibs/ft.sec. 
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IVO) 


TPBLE  IX 

VEgco^dmeter  iuita  oi}.  Cls.y 

{jPrelirrfi-nary  Dofrt  0  7?/y). 

10%  EcllOe 


Load 

(gins) 

.10 

15 

IG 

25 

30  ^ 

Tioie 

j'or  lOOro^oe ,  ^ 

A/, 7 

30.3 

12.7 

17.6 

16.2 

B?d 

125 

190 

322 

370 

20%  6o1xg«. 

Load  (,:/Ae) 

17 

20 

’22 

24 

25 

TAae  for  lOOrev^"* 

4.0 

32,3- 

2S.3 

25.8 

24*8 

1?L5 

118 

151 

186 

212 

232 

243 

30?  Sclide 

Load  (giaej- 

40 

45 

30 

33 

60 

65 

70 

Tima  for  10CroY£.^ 

101.8 

3a..- 

40*2 

OG.B 

^.3*3 

17.8 

16.4 

5:13 

liu 

149 

22.4' 

239 

33? 

3'36 

40%  Solids. 

Lead  (g^s)  65 

70 

75 

dO 

,  ai 

90 

100 

Ti43  for  lOOi  37.3 

29*8 

2a..  3 

id.o 

i.„»2 

-.3*5 

im  i''2 

li/L 

24? 

2S3 

1  6^  6,- 

370 

444 

50%  Solid B.  (?2^’5!Sh  'miagi-totod  scaimles) 

Lead  (gas)  500 

525 

550 

575 

lima  for  lOCravs^  -  36,9 

21*0 

1^11 

12.3 

im  163 

2.6L 

,397 

.^87  • 

50?  Sclido.  ( AYl■?^a■t-ed  for  1  hour) 

Load  i^hs)  350 

400 

425 

if  ,5 

465 

475 

liiiie  for  lDOrev'S.4  77.0 

51.4 

■  35.9 

24.5 

16.9 

15.2 

13. 5 

BFil  ?S 

117 

il7’ 

245 

355 

395 

U5 

Load  (gms)  500 

525 

545 

560  ■ 

Time  for  100  re  vs.  7-  110 

9.5 

8.7 

.  3*0 

PPM  .  *■  545 

630 

690 

750 

%  Sc- lids  are  on  a  wei^lit  ba&jiG, 

^  ^.vera;^©  time  for  tiires  trialr.^  iii  fcaconds* 
#  Average  time  for  one  trici. 


•:  <  V 


■'.'■V.v;  ,  .  ‘  ■  :  ;■  ’  ■ .  ■  '■ 

U£  ■  ' 

•{'  i  ■■ 
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Table  III 


Manometer  Flxiid  Calibr.,' tion 


Fluid  No,  1  (Fig,  21) 

Tempera  ture 

18. 9 

24-C 

22  •  4 

26.5 

Fluid  No.  3  (Fig.  22) 

Temperature 

27.2  \ 

19.6 
21.8 
23-6 

25.7 

29,6 

Fluid  No.  5  (Fig.  23) 


Effective  Specific  Gravity 

0.012,5 
0 .009^  6 
C , 007 , 6 
0.008,4 
0.011,9 


Lfi'ective  Specific  Gi^vity 

0.104 

0.109 

0.107 

0.104 

u « 10  j 
0-099 


Tei:.Merfcr5u.ra 


26.9 

21.1 

24.1 

-i.  j 

,  P 

20,0 

24*5 

27*8 

29*5 


F-Luid  No.  6 


(Fig.  24) 


TfiM'oerc..tur3  ^0 


nffective  Specific  (lrc..vlty 

0 .096, o 
0.091,9 
0« 092,7 
c  *  094  >  a. 

v.i  .089,6 

0 « 0B9 , 4 

0.093,2 

0.095,2 

0.095,3 


Effective  Spacifio  Gi^vipy 


30.8 

19,2 

19.8 

21.8 

22.9 
23.6 

25.1 

26.2 

26.9 
28*6 
21.4 
22.8 


0.033,9 

0.025,9 

0,026,4 
0.027,9 
0.029,7 
0.030,6 
0.030,7 
0.032 ,4 
0.033,0 
0.034,7 

0.027,1 

0.028,1 


Table  III Continued 


fluid  Nc-  6  .-4) 

Temperatuz^e  oC 


25*0 
26.5 
^1  •  1 
22.7 
25.3 
27  •  6 
29“  S 


Effective  Specific 


0.030,8 
0 « Opl, 8 
0.026,8 
0.029,4 
0.031,5 
0.033,5 
0.034,4 


‘r\ 


Gravity 


Effective  Specific  Gravity. 


T  emperature  ®C. 
Manometer  Fluid  No- 1 
Fig.  21. 


0.107 


0.106 


0.105 


^0.104 

> 

o 


o 

4,0.103 


u 

« 

a. 

</) 

0.102 

o> 

> 


u 

w 


ua  O.IOI 


0.100 


0099 


Manometer  Fluid  No. 3 
Fig.22 


0.098,^ 

30 


25 


20 


Temperoture  ®C. 


Effective  Specific  Gravity. 


Temperoture  ®C. 

Fig.  23.  Manometer  Fluid  N  o.  5 
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Experimental  Data 

Table 

Suspension  Properties 


2 

.5f^  Solids 

30^0 

Pens 

ity  63. 

Olbs/ft 

3 

Load 

10 

12 

15 

17 

20 

Time 

39.0 

31.7 

25.7 

22.2 

20.0 

PBS 

2  .56 

3.16 

3.89 

4.51 

5.0 

IB. 

8 

,8%  Solids 

«y,  -1 

Pens; 

ity  65. 

Olbs/ft' 

3 

Load 

10 

12 

15 

17 

20 

rime 

44.0 

34.9 

27.7 

24.3 

21.4 

f^BS 

2. 27 

2.86 

3.61 

4.12 

4,67 

14.3^  Solids 

38 

“*0  Density  ' 

67.1  Ibi 

3/ft^ 

;Load 

12 

15 

17 

20 

£2 

pi  me 

56 . 6 

39.4 

33.1 

£7.7 

24.5 

iUP.S 

« 

1.77 

2.54 

3,02 

3*61 

4.08 

e: 

L.2>»  Solids.  28^0  Density 

71.2  Ibs/ft*"' 

Load 

20 

21 

22 

23 

24 

85 

Time 

79.3 

63.1 

55.5 

46,  I 

43.6 

41.8 

^P.S 

» 

1 . 26 

1.57 

1.81 

2.17 

2.29 

£.39 

S. 

2d.0'4  Soliusj 

?8°C  Oensits 

73.2  B 

)s/ft^ 

Load 

30 

35 

40 

4.5 

50 

’line 

99,1 

50.4 

30.9 

23.9 

19.7 

UP.S, 

1.01 

1.90 

3.24 

4.18 

5.07 

f.  31. 

9i  Solids 

29 

,  Dens! 

-ty  77, 

,  5  lbs /f  t 

3 

Load 

75 

80 

85 

90 

95 

100 

?ime 

106.5 

59.9 

44.  6 

32.4 

EG  ,B 

31.8 

l.P.S, 

> 

0.94 

1.67 

3.24 

3.68 

3.82 

4,d8 

r.  3  6. 

B%  Solids 

29^^a 

Density  79, 

8  Ibs/f 

‘A 

uoad 

15  0  160 

170 

175 

ISO 

i’iUie 

64.4 

45.5 

29.7 

24.1 

21.5 

;up.s. 

1.55 

2.20 

3.37 

4.15 

4.65 

t 

39 

.2  %  Solids 

31°C 

.  Density  81.2  Ibs/ft^ 

Load 

200  210 

220 

230 

240 

250 

*lme 

125.5 

69.6 

42.8 

29 . 6 

22,9 

19.7 

'UP.S. 

0.795 

1.44 

2  •  34 

3.38 

4.36 

5.08 

i  • 

40 

.4%  Solids 

27^0 

.  Den 

sity  82 

.4  Ibs/ft^ 

Load 

260  270 

280 

290 

3  00  i 

321 

I'ime 

104.2 

63,3 

46 .0 

35.2 

25.7 

22.1 

;?.p.s. 

j 

0.962 

1.58 

2.23 

3.84 

3.89 

4.52 

later 

run.  0%  Solids 

28^0 

.  Density 

iOad 

10 

3^2 

15 

17 

20 

Ime 

39.2 

31.9 

26.0 

22.  6 

19.2 

i.P.S. 

2,55 

3.14 

3.85 

4.42 

5.20 

25 

2r\2 

4,50 
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Ex  per  Ir.  ie  nt  a  1  I  ■  at  a 

■  Taule  IV 

SusDtinsion  Pi  op er  ties 


NOTKi-i ; 


The  loads  -are  expressed  in  grams. 

The  time  is  given  as  the  nuiriber  of  seconds  repaired  for 
100  revs,  of  the  visoosimet®^  rotor. 

The  percent  solids  is  on  a  ^-eight  basis. 

Tho  temperature  is  tii&t  at  tfuich  tuo  viscosimeter  data  were 

obtained. 

,  The  density  is  the  avei-age  of  a  auraber  of  readings  taken  during  the 

!  ■ 

pipeline  measurements. 


V 


1  I: 


50 

40 

30 

20 

10 

0 
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Fig.  25. 


Viscosimeter  Data  on  Clay  Suspensions. 


Fig.  26. 


Pipe  length  of  test  sections 
Inside  diar-eter  of  pipe 
t^ominal  1’^ 
nominal  l|” 


30,0ft.  - 

-  o.7a§’’ 

-  l.Z97'^ 


Viscosimeter 


Rotor 

ID 

1.190” 

00 

1.E50” 

Length 

1.367 

Cup 

ID 

1.873” 

Gears 

Small  pitch 

0.500” 

Large  pitch 

5. 607” 

0.01  ft. 

-  0.001^ 
-  0.001« 


^  o.ooa^ 
-  0.002’^ 
-  0.002’^ 
«  0.002” 
•  0.002” 
-  O.OOE” 


iaXI^iaXEMTAL  DATA 


iSZ) 


Table  VI 

WATER  FLOW  DATA 
Run  **'  / 


Pressure  Drop 

Flow  Rate  3/4^*  Tube _ 1  \IL^  Tube 


Test 

No. 

Voluiae  Weiglit 

Time 

Manometer  Fluid  Fluid  Manometer 
DiiTerenee  No.  Temp.  DiTffereiice 

Fluid  Fluid  Suspension 
No.  Temp.  Temp. 

ITil. 

lbs. 

min. 

inches 

OC. 

inches 

oc 

OG. 

1 

60 

9.82 

5.1 

5 

28.6 

a. 

5 

28.6 

25.2 

2 

ICO 

11.01 

11.0 

28.4 

1.00 

II 

28.4 

It 

3 

100 

9.27 

15.1 

» 

28.3 

2.00 

It 

28.3 

tt 

4 

100 

7.65 

21.6 

n 

28.3 

2.55 

» 

28.3 

It 

5 

100 

7.00 

25.4 

tt 

28.2 

3.10 

tt 

28.2 

It 

6 

100 

6.34 

30.3 

28.0 

3.40 

It 

28.0 

« 

7 

no 

6.50 

34.7 

It 

28.0 

4.00 

tt 

28.0 

It 

8 

100 

5.47 

39.8 

M 

27.  B 

4.50 

ft 

27.8 

n 

9 

200 

12.02 

3.3 

2 

27.7 

0.40 

2 

27.7 

It 

10 

200 

8.34 

6.3 

« 

27.5 

0. 60 

ft 

27.5 

w 

11 

200 

6.36 

10.1 

If 

27.5 

1.00 

fi 

27.5 

tt 

12 

200 

5.06 

15.0 

It 

27.2 

1.50 

II 

27.2 

It 

13 

250 

5.37 

20.1 

» 

27.1 

2.00 

It 

27.1 

« 

14 

300 

5.72 

25.3 

It 

27.6 

2.50 

It 

27.6 

It 

15 

300 

5.17 

30.4 

ft 

27.6 

3.00 

n 

27.6 

tt 

16 

325 

5.06 

36.0 

It 

27.5 

3.70 

tt 

27.5 

« 

17 

325 

3.71 

4.8 

4 

2.60 

tt 

27.8 

If 

18 

350 

2.72 

9.9 

ft 

12.10 

ft 

27.8 

It 

19 

375 

2.28 

14.7 

tt 

18.00 

If 

27.8 

It 

20 

400 

2.00 

20.2 

n 

2.10 

4 

It 

21 

450 

2.00 

25.4 

It 

2.60 

w 

It 

(83) 

EXPERIMENTAL  DATA 
Table  VII 
WATER  FLOW  DATA 

/^u  yf  s, 


Pressure  Drop 

Flow  iiate _ 3/4^*  Tube  1  1/4^  Tube 


Test 

Manometer  Fluid 

Fluid 

Manometer  Fluid  Fluid 

Suspension 

Ro, 

Voluiae 

Weif:iit 

Time  QlfCsrence 

No. 

Temp. 

lAC'erence 

No. 

Temp. 

Temp. 

ml. 

lbs. 

min.& 

sec  ends 

inebea 

inebes 

^C. 

“’’ct 

1 

100 

21; 23. 9 

5.33 

6 

25.4 

6 

25.4 

28 

2 

100 

18:00.7 

11.65 

w 

25.4 

- 

ft 

25.4 

ft 

3 

101.5 

15:36.7 

15.97 

tt 

25.5 

2.27 

ft 

25.5 

ft 

4 

100 

13:51.4 

20.45 

f* 

25.4 

2.37 

ft 

25.4 

ft 

5 

100 

12:13.2 

27.17 

t» 

25.6 

3.12 

ft 

25.6 

tt 

6 

100 

11:05.2 

31.96 

ft 

25.8 

3.70 

ft 

25.8 

29 

7 

100 

10:12.1 

12.98 

3 

25.9 

- 

ft 

25.9 

tt 

8 

100 

8:28.2 

17.66 

ft 

26.0 

4.50 

ft 

26.0 

ft 

9 

150 

11:40.8 

21.92 

n 

25.5 

4.62 

ft 

25.5 

ft 

10 

150 

10:00.5 

27.05 

« 

25.8 

6.15 

ft 

25.8 

ft 

11 

150 

8:58.0 

33.00 

ft 

25.3 

7.19 

ft 

25.3 

30 

12 

150 

8:14.5 

38.46 

ft 

25.2 

8.66 

ft 

25.2 

tt 

13 

150 

7s41.0 

43.58 

ft 

25.8 

10.21 

ft 

25.8 

ft 

14 

150 

7il6.5 

47.97 

n 

25.7 

11.02 

ft 

25.7 

ft 

15 

150 

6:57.8 

52.18 

f» 

25.5 

12.10 

ft 

25.5 

ft 

16 

150 

6:30.9 

58.43 

n 

25.5 

U.44 

n 

25.5 

31 

17 

200 

6:22.2 

10.27 

2 

25.5 

10.75 

3 

25.6 

ft 

18 

200 

5:02.4 

15.23 

ft 

25.5 

14.40 

ft 

25.5 

ft 

19 

225 

5a5.4 

18. 13 

ft 

25.8 

17.35 

ft 

25.8 

ft 

20 

250 

4i52.9 

25.27 

ft 

25.9 

23.97 

ft 

25.9 

ft 

21 

275 

4 

30.30 

« 

24.8 

29.15 

ft 

24.8 

32 

22 

300 

4:45.3 

35.18 

ft 

25.9 

33.6? 

ft 

25.9 

ft 

23 

300 

4:11.1 

42.75 

ft 

25.8 

43.08 

ft 

25.8 

ft 

24 

300 

3:43.4 

4.25  • 

4 

5.1 

2 

25.5 

ft 

25 

300 

2:13.4 

10. 50 

ft 

13.1 

fi 

25.7 

33 

26 

400 

1:55.6 

21.97 

ft 

25.87 

ft 

25.7 

ft 

27 

400 

1:42.8 

26.94 

« 

32.02 

ff 

25.7 

rt 

28 

400 

1:31.4 

33.20 

ft 

41.66 

ft 

25.5 

34 

fi 

•m ' 

’"it 


EXPEHIMENTAL  DATA 


(84) 


Table  VIII 
WATER  FLOW  DATA 

/?u  ^  ^3 

Pressure  Drop 

Flow  Rate  _ 3/4^*  Tube _ 1  1/4^  Tube 


Test  Manometer  Fluid  Fluid  Manometer  Fluid  Fluid  Suspension 

No«  Volume  Weight  Time  Difference  No,  Temp.  IdfCerence  No.  Temp>  Temp, 

ml-  Thsi-  .=i  Tnf»h«3t.C!  •inn'hoe!  '  'Pn  ' 


ml. 

lbs. 

second.  3 

inches 

inches 

^C. 

1 

1000 

174.5 

0.31 

1 

25.2 

25.0 

2 

1000 

149.2 

0.44 

I 

25.2 

If 

3 

1000 

108.1 

0.61 

1 

25.2 

ft 

4 

1000 

72-4 

1.13 

1 

25.3 

It 

5 

1000 

49.3 

S.90 

1 

27.9 

It 

6 

1000 

2B.7 

17.93 

1 

27.9 

n 

7 

1000 

27.4 

25.94 

1 

27.9 

It 

8 

1000 

21.7 

35.61 

1 

27.9 

ft 

9 

1000 

19.6 

43.16 

1 

25.9 

It 

/?  t/  ?7  ^ 

Pressure  Drop 

Flow  HB.te 

2/4! 

'  Tube 

1  1/4" 

Tube 

Test 

Manometer  Fluid  Fluid 

Manometer  Fluid  Fluid 

Suspension 

No, 

Volume  Weight 

Time 

Lifferoaos 

No. 

Temp. 

Ihfference  No. 

Temp. 

Temp. 

ml. 

lbs. 

mina& 

inches 

inches 

^0. 

^0. 

seconds 

1 

1000 

1:52.7 

0. 50 

3 

21.4 

1 

21.6 

22.7 

2 

1000 

1:23.1 

0.65 

»f 

21.4 

m 

♦I 

21.8 

22.6 

3 

1000 

1:02.3 

0.89 

ff 

21.4 

- 

II 

21.8 

22.4 

4 

1000 

33.7 

1*68 

It 

22.2 

- 

ft 

22.2 

22.5 

5 

50 

9:20.1 

3.79 

It 

22.7 

- 

It 

22.6 

22.6 

6 

50 

8:27.7 

4.9s 

ft 

23.0 

- 

If 

22.5 

22.8 

7 

50 

6:15.2 

8.77 

ft 

23.0 

0.52 

ft 

22.8 

22.6 

a 

50 

4:47.3 

14.27 

It 

23.0 

4.43 

It 

22.9 

22.3 

9 

75 

5:20.0 

23.70 

« 

23.0 

12.46 

ft 

22.9 

22.3 

10 

100 

6:03.3 

33.33 

I? 

23.0 

21.38 

ft 

22.9 

22.7 

11 

100 

5:06.8 

43.65 

w 

23.0 

30.06 

ft 

22.9 

22.0 

12 

125 

5:47.0 

52.31 

It 

22.4 

33.28 

It 

22.4 

22.0 

13 

125 

5:40.0 

5.27 

2 

21.6 

5.16 

3 

21.5 

22.0 

14 

200 

5:00.5 

15.60 

If 

21.3 

14.37 

ft 

21.2 

21.9 

15 

200 

3:53.a 

24.88 

ft 

21.2 

23.30 

It 

21.1 

21.1 

16 

200 

3:13.9 

33.10 

II 

21.1 

31.66 

ft 

21.0 

20.8 

17 

200 

2:44. 0 

44.99 

It 

21.0 

42.38 

ff 

21.0 

22.0 

18 

200 

2:30.3 

52.53 

If 

20.9 

49.16 

It 

20.9 

22.4 

19 

200 

2:14.4 

5.06 

4 

20.2 

6.48 

2 

20.8 

22.7 

20 

300 

l:4a.l 

15.25 

It 

20.3 

18.74 

It 

20.9 

23.1 

21 

350 

1:31.6 

26.38 

II 

20.3 

32.88 

If 

21.0 

23.6 

22 

350 

1:25.5 

30.12 

It 

20.3 

36.12 

It 

20.5 

22.2 

(85) 


EXPERIMENTAL  DATA 
Table  IX 

SUSFEi^SION  A  2,^fo  SOLIDS 


Prass'cire  Drop 

Flow  Rate  3/4’^  Tube  1  1/4^  Tube 


Test 

No. 

® 

1 

{> 

Weight 

Manometer  Fluid  Fluid  Manometer  Fluid  Fluid 
Tims  Difference  Ho.  Temp.  I^erence  No,  Temp. 

Suspension 

Temp. 

nil. 

lbs. 

mins.  & 

inches 

OQ 

inches 

^C. 

oc. 

seconds 

1 

1000 

5:01.9 

0.09 

3 

24. 0 

2.60 

1 

24.3 

30.0 

2 

1000 

1:36.1 

0.57 

it 

24. 2 

3.39 

tt 

24.3 

ft 

3 

1000 

25.0 

4.00 

tf 

24.1 

3.93 

ft 

24.2 

ft 

4 

50 

6:59*^ 

7.29 

n 

23.0 

4.71 

tt 

24.2 

If 

5 

50 

6:15.4 

10.  ai 

« 

23.9 

7.08 

ft 

24.1 

n 

6 

100 

9:07.7 

15.44 

n 

23.7 

9.65 

It 

24.1 

tt 

7 

100 

7:50.0 

20.59 

« 

23.9 

13.57 

tt 

24.0 

It 

8 

100 

7:26.1 

21.95 

ft 

23.8 

18.33 

n 

23.0 

n 

9 

100 

6:33.3 

26.31 

ft 

24.6 

32.68 

tt 

24.9 

31.0 

10 

100 

5:52.7 

32.65 

n 

24.1 

49.56 

ft 

24.1 

t* 

11 

125 

6:10.0 

4.60 

2 

24.0 

4.15 

3 

23.3 

n 

12 

150 

4:32.3 

10.47 

f» 

24.0 

11.22 

ft 

23.7 

ft 

13 

200 

4:14.6 

19.43 

ft 

23.9 

13.37 

ft 

23.7 

32.0 

14 

200  ' 

3:12.6 

32.73 

it 

23.3 

'  30.70 

ft 

23.7 

ft 

15 

200 

2:59.9 

39.32 

n 

23.3 

37.07 

ft 

23.7 

33.0 

16 

300 

3:46.1 

3.95 

4 

23.  a 

4.92 

2 

24.2 

33.2 

17 

300 

2:14.6 

9.83 

f» 

23.3 

12.18 

ft 

24.2 

ft 

18 

300 

1:45.7 

15.27 

K 

24.0 

18.55 

ft 

24.2 

ft 

19 

400 

1:57.4 

21.17 

n 

24.1 

27.25 

ft 

24.2 

n 

20 

400 

1:33.7 

30.28 

if 

24.3 

40.33 

ft 

24.2 

ft 

21 

400 

1:27.0 

35.90 

it 

24.0 

45.60 

n 

24.2 

33.3 

Original  differences 


#3 

fluid 

0.00 

#1 

fluid 

2.20« 

#2 

fluid 

0.00 

#4 

fluid 

0.00 

(36) 


EXEEtaMEHTAL  DATA 
Table  i 

SUSPENSION  B  8.85^  SOLIDS 


Pressure  ProT) 

Flow  Rate  3/4^*  Tube  1  1/4^  Tube 


Test 

No*  Volume  Weight 

Time 

Manometer  Fluid  Fluid 
Oiff'o’ence  Mo*  Temp. 

Manometer  Fluid  Fluid 
I&Cference  No.  Temp, 

Suspension 

Temp. 

ml. 

lhs« 

mins,  k 

inches 

®c. 

inches 

“0. 

"■^c: 

seconds 

I 

1  1000 

1:02*7 

7.30 

3 

26.5 

18.05 

1 

26.6 

30 

2 

50 

14:51. B 

12.49 

i» 

26*6 

31.69 

ft 

26.6 

tt 

3  1000 

1:05*0 

13.00 

n 

26.6 

30.60 

tt 

26.5 

n 

4 

50 

4:21*2 

16*70 

tt 

26.6 

34.83 

ft 

26.5 

« 

5 

50 

3:29.6 

25.4 

ft 

26.6 

38.65 

« 

26.5 

tt 

6 

50 

5:41.2 

1.70 

2 

26*4 

8.10 

3 

26.5 

31 

7 

100 

3:40.1 

a.  00 

ft 

26*5 

15.52 

tt 

26.7 

« 

8 

200 

5:23.7 

13.65 

ft 

26*6 

19.15 

tt 

26.6 

w 

9 

200 

4:23.2 

19.00 

ft 

26.6 

23.52 

ft 

26.7 

tt 

10 

200 

3:19.5 

28.83 

ft 

26.5 

23.2 

n 

26.5 

tt 

11 

200 

2:59.1 

36*16 

*f 

26.3 

37.50 

tt 

26,3 

tt 

12 

200 

2:34.4 

45.76 

It 

26.3 

44.23 

« 

26.2 

ft 

13 

200 

2:35.6 

3.62 

4 

26.0 

4.43 

2 

26,3 

tt 

U 

300 

1:49.0 

13.93 

ft 

25.9 

13.93 

n 

26.3 

tt 

13 

400 

1:43*  6 

23.84 

ff 

25.9 

29.02 

tt 

26.3 

tt 

16 

400 

1:33.B 

30.73 

It 

25.9 

40.00 

ft 

26.3 

32 

Original  differences 


Fluid 

inches 

#1 

3.40 

#2 

0.00 

#3 

0.20 

IfK 

0.00 

ik 


(87) 


EmRIMEOTAL  DATA 
Table  XI 

SUSPRHSIOK  C  14.355  SOLIDS 


Pi’essure  Drop 

Flow  Rate  _  3/4^^  Tube  1  1/4^*  Tube 


Tent 

Manometer  Fluid  Fluid 

kanoraeter 

Fluid 

Fluid 

Suspension 

No. 

Volume  V^eight 

Time 

Difference  No. 

Temp. 

liLfference 

No. 

Temp. 

Temp. 

ml. 

lbs. 

ndns.  & 
seconds 

inches 

®0. 

inches 

°C. 

—eg; 

1 

11 

61.3 

1.98 

3 

23.9 

19.85 

1 

23.6 

28.3 

2 

100 

68.6 

14.88 

tf 

23.9 

40.28 

» 

23.6 

28.3 

3 

11 

55.9 

0.25 

2 

21, .0 

2.40 

3 

24.3 

23.3 

4 

100 

66.6 

1.05 

n 

24.0 

5.23 

« 

24.3 

28.3 

5 

250 

27.7 

2.05 

t» 

24.2 

10.13 

tt 

24.3 

28.3 

6 

250 

7S,4 

1.50 

tf 

24.2 

8.35 

It 

24.3 

28.3 

7 

1000 

34.9 

3.32 

»t 

24.3 

12.80 

« 

24.5 

28.3 

8 

50 

7:46.2 

3.88 

ft 

24.4 

16.28 

It 

24.6 

27.8 

9 

100 

5:19.9 

5.77 

n 

24.5 

19.90 

ft 

24.7 

28.8 

10 

100 

3:1^.7 

9.68 

tt 

24.5 

24.42 

ft 

^.7 

28.8 

11 

100 

2:11,7 

19.10 

tt 

24.3 

32.68 

ft 

24.5 

29.4  ' 

12 

150 

2:50.5 

25.42 

I. 

24.5 

31.05 

If 

24.7 

29.6 

13 

200 

3:04.C 

35.28 

»» 

24.4 

34.59 

ft 

24.5 

29.8 

14 

200 

2:3s. 1 

46.75 

ft 

24.6 

44.47 

ft 

24.9 

30.2 

15 

200 

2:56.0 

3.36 

4 

3.55 

2 

24.6 

30.3 

16 

225 

1:49.1 

8.65 

r» 

10.66 

« 

24.5 

30.7 

17 

300 

1:46.0 

15.16 

Tf 

18.87 

ft 

24.5 

30.9 

IS 

300 

1:24.0 

22.48 

»? 

28.82 

ft 

24.5 

31.3 

19 

400 

1:34.7 

30.45 

»» 

38.15 

ft 

24.6 

31.8 

20 

449.5 

1:25.9 

43.10 

n 

4.38 

4 

24.5 

32.2 

Original  differences 


Fluid 

inches 

#1 

3.00 

#2 

0.00 

#3 

0.30 

#4 

0.00 

Table  XII 

SUSPENSION  D  21,2^  SOLIDS 


Pressure  Drop 

Plow  Hate  _ 3/4^^  ^Pube _  1  1/4 Tube 


Test 

No. 

Volume  V/eight 

Time 

Manometer  Fluid  Fluid 
DifPerence  No.  Temp. 

Manometer 

Difference 

Fluid 

No. 

Fluid  Suspension 
Temp,  Temperature 

miris.  & 

ml. 

lbs. 

seccnns 

inches 

°c. 

inches 

^0. 

Qq. 

1 

100 

31.5 

4.60 

^  2 

23.8 

3.00 

3 

23.9 

26. 0 

2 

1000 

39.5 

5.95 

ft 

23.8 

4.85 

« 

23.9 

2S.0 

3 

1000 

78.4 

6.50 

n 

23.5 

15.78 

M 

23.7 

28.0 

4 

100 

4:55.0 

13.02 

ft 

23.4 

23.38 

ft 

23.7 

28.0 

5 

250 

50.0 

7.15 

ft 

23.4 

38.00 

n 

23.6 

28.0 

6 

200 

4J02.8 

1.75 

4 

6.75 

2 

28.0 

7 

200 

2:17.8 

4.85 

ff 

8.20 

n 

28.0 

8 

200 

1:32.2 

9.B3 

f* 

11.63 

If 

28.3 

9 

300 

1:46.4 

15.40 

ft 

18.58 

ft 

28.7 

10 

350 

1:38.0 

23.12 

ft 

28.35 

ft 

29.1 

11 

400 

1:36.6 

30.66 

ft 

38.10 

n 

29.5 

12 

400 

1:27.7 

35.62 

ft 

U.33 

ft 

29.6 

13 

449.5 

1:31.9 

40.18 

n 

52.13 

ff 

30.0 

Original  differences 


Fluid 

Inches 

ilrl 

#2 

0.00 

i3 

1.25 

#4 

0.00 

(89) 


£XI%aiIM£NTAL  DATA 
Table  XIll 

SOSPEHSIOK  £  25.0^  SOLIDS 


Pressure  Drou 

Plow  Rate  3/A"  Tube  1  1/4"  Tube 

Test  liaaometer  fluid  fluid  Manometer  fluid  fluid  Suspension 

No«  Volume  Hfeight  Time  Diffejance  Mo«  Temp.  BtCTerenee  M04  Temp.  Temperature 


ml. 

lbs. 

secGods 

inches 

Qq. 

inches 

OG. 

qq. 

1 

1000 

1;26.5 

11.35 

2 

5.95 

2 

28.0 

2 

10 

3:02.2 

0,20 

3 

25.2 

11,85 

3 

25.5 

28.0 

3 

250 

1:22.6 

9.9s 

2 

54.10 

3 

25.0 

28.0 

4 

9.5 

1:19.6 

0.60 

n 

20.60 

3 

25.2 

28.0 

5 

100 

23.5 

9.70 

n 

47.53 

3 

24.9 

28.0 

6 

100 

2:01.2 

6.85 

« 

38.20 

3 

24.9 

29.1 

7 

250 

31.0 

10.00 

6.85 

2 

29.1 

8 

1000 

21.6 

15.50 

n 

8.40 

n 

29.1 

9 

200 

1:30.7 

10.10 

4 

13.82 

n 

29.2 

10 

200 

2:31.6 

4.17 

w 

12.22 

n 

29.3 

11 

200 

4:10.3 

2,10 

w 

11.07 

n 

29.4 

12 

1000 

1:52.0 

1.10 

n 

7.18 

ff 

29.3 

13 

200 

1:13.5 

U.87 

w 

18.25 

n 

30.0 

U 

300 

1:19.4 

25.87 

n 

28.73 

ft 

30,3 

15 

350 

1:18.2 

34.67 

« 

a.  04 

ft 

30.5 

16 

400 

1:16.8 

44.73 

n 

54.27 

ft 

31.0 

No  original  differences. 


0 


(90) 


SXPERIMENTAL  DJSA 
Table  XIV 

SUSPENSION  F  31,9?J  SOLIDS 


Pressure  Drop 

Flow  Rate  3/4”  Tube  1  1/4”  Tube 


Test 

Manometer 

Fluid 

Manometer 

Fluid 

Suspension 

No. 

Volume  Weight 

Time 

Difference 

No. 

Difference 

No. 

Temperature 

iniQS,& 

ml. 

lbs. 

seconds 

inches 

inches 

1 

10 

2:11.9 

0.13 

4 

3.45 

2 

29.0 

2 

250 

40.4 

1.03 

n 

8.70 

ft 

29.0 

3 

1000 

37.6 

2.90 

n 

14.85 

ft 

29.0 

4 

100 

29.  a 

2.5 

ft 

11.30 

ft 

29.0 

5 

250 

45.2 

2.13 

ft 

10.20 

ft 

29.0 

6 

1000 

43.1 

3.15 

ft 

13.80 

ft 

29.0 

7 

1000 

9.9 

3.70 

ft 

18.75 

tt 

29.1 

8 

100 

3:47.1 

5.00 

ft 

28.00 

ft 

29.1 

9 

200 

1:31.8 

9.75 

ft 

34.18 

ft 

29.4 

10 

250 

1:28.5 

15.76 

tt 

39.69 

ft 

29.5 

11 

300 

1:22.5 

22.12 

ft 

37.01 

ft 

29.7 

12 

300 

1:10.2 

32.57 

ft 

46.62 

tt 

30.0 

13 

530 

1:42.0 

45.52 

ft 

4.93 

4 

30.2 

U 

400 

1:11.8 

52.02 

ft 

5.25 

ft 

30.5 

No  original  differences. 
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EXPERIMEOTAL  DATA 
Table  XV 

SUSPENSION  0  36.8%  SOLIDS 


Pressure  Drop 

Flow  Rate  3/4^  Tube  1  1/4”  Tube 


Test 

Manometer 

Fluid 

Manometer 

Fluid 

No.,_ 

Volume  Weight 

Time 

Difference 

No. 

Difference 

No. 

mins.& 

ml. 

lbs. 

seconds 

inches 

inches 

1 

1000 

65.1 

5.5s 

4 

38.0 

2 

2 

39.5 

2:52.5 

1.20 

ft 

12.95 

ft 

3 

250 

50.3 

4.45 

n 

27.30 

ft 

4 

250 

40.1 

5.22 

ft 

26.60 

ft 

5 

1000 

18.0 

7.08 

ft 

44.85 

ft 

6 

1000 

50.3 

6.15 

ft 

36.58 

tt 

7 

1000 

U.9 

7.60 

ft 

44.60 

ft 

8 

30 

2:18.5 

8.47 

ft 

48.60 

ft 

9 

100 

2:38.8 

9.20 

ft 

4.66 

4 

10 

200 

1:51.5 

11.22 

ft 

5.U 

ft 

11 

300 

1:47.1 

14.47 

ft 

5.90 

ft 

12 

300 

1:27.5 

21.50 

ft 

6.05 

ft 

13 

300 

1:13.9 

29.48 

ft 

6.40 

n 

14 

400 

1:28.5 

36.34 

ft 

6.53 

ft 

15 

400 

1:22.2 

a.  20 

ft 

6.49 

ft 

16 

400 

1:10.6 

53.52 

n 

7.03 

tt 

Suspension 

Temperature 

29*1 

29.1 

29.1 

29.5 
30.0 

30.2 
31.0 

31.7 

32.2 

32.7 

32.5 

32.7 

32.9 

33.5 

33.7 

34.3 


Ho  original  differences 


( 
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sxs&uiirairia.  QivrA 


Table  XVI 

SUSPMSION  H  39.2^  SOLIDS 


Pressure  Drop 

Flow  Rate  3/4"  Tube  1  1/4"  Tube 


Test 

Manometer 

Fluid 

Manometer 

Fluid 

Suspension 

No, 

Voliame 

Weiislit 

Time 

Difference 

No. 

Difference 

No. 

Temperature 

mins.& 

lOle 

lbs. 

seconds 

inches 

inches 

^C. 

1 

250 

46.2 

6.96 

4 

a.  5 

2 

31.7 

2 

1000 

46.5 

8.70 

M 

46.22 

ft 

31.7 

3 

150 

1;10.2 

3.70 

» 

2.00 

4 

31.7 

4 

1000 

11.5 

10.45 

« 

5.31 

ft 

31.7 

5 

40 

5:35.4 

10,33 

n 

5.61 

ft 

31.7 

6 

100 

2:24.4 

12.35 

« 

6.84 

ft 

32.9 

7 

200 

1:42.2 

15.26 

« 

7.91 

ft 

33.1 

200 

1:06.7 

17.27 

11 

8,27 

tt 

33.2 

9 

300 

1:34.4 

18.76 

n 

8.4B 

ft 

33.7 

10 

400 

1:55.3 

21.33 

ff 

8.74 

ft 

34.2 

11 

400 

1:36.3 

29.98 

n 

8.83 

ft 

34.5 

12 

400 

1:11.0 

53.14 

ft 

9.50 

ft 

34.7 

EXPERIMgaOTAL  DATA 

Table 

mi 

SUSPENSION  J 

40.4!^  SOLIDS 

Pressure 

Drop 

Flow  Rate 

3/4"  ^!ube 

1  1/4 Tube 

Test 

Manometer 

Fluid 

Manometer 

Fluid 

Suspension 

No, 

Volume 

Weight 

Time 

Difference 

No. 

Difference 

No. 

Temperature 

mins,& 

ml. 

lbs. 

seconds 

inches 

inches 

1 

300 

1:15.1 

8.90 

4 

5.60 

4 

29.5 

2 

250 

23.0 

12.10 

n 

5.48 

ft 

29.5 

3 

1000 

17.3 

13.35 

ft 

7.22 

ft 

29.5 

4 

50 

4:12.1 

14.  B2 

ft 

7.98 

ft 

29.5 

5 

100 

2:53.5 

16.39 

tf 

8.78 

ft 

29.9 

6 

100 

2:00.8 

17.15 

ft 

9.21 

ft 

30.5 

7 

200 

2:03.7 

19.20 

ft 

9.80 

ft 

30.6 

8 

300 

1:27.7 

23.18 

ft 

10.97 

ft 

30.6 

9 

300 

1:12.8 

29.47 

» 

11.07 

ft 

31.0 

10 

300 

1:00.4 

42.84 

ft 

11.55 

ft 

'  31.0 

11 

423 

1:15.4 

52.67 

ft 

11.88 

ft 

31.4 

c 

ijt 

» 


01 

it 


VI  Presentation  of  Results 


Computed  Data  froui  Preliminary  Calculations* 
The  following  tables  present  the 
velocities  (ft,/sec.)  and  pressure  drops  (ft* 
of  flowing  fluid.)  for  each  of  the  flow  tests. 
They  are  listed  here  for  convenience  as  they 
enter  into  all  of  the  flow  rate-pressure  drop 
calculations  encountered  later. 

The  velocities  are  readily  obtainable 
from  the  flow  data  by  either  dividing  the 
volume,  of  fluid  collecte"^,  by  the  time  of 
collection  and  the  pipe  cross-sectional  area, 
or  by  dividing  the  weight  of  fluid  collected, 
by  the  time  of  coimection,  fluid  density,  and 
pipe  cross-sectional  area.  The  pressure  arop 
may  be  calculated  from  the  observed  manometer 
difference  by  multiplyjneg  the  nianometf3r 
difference  by  the  effective  specific  gravity 
of  the  manometer  fluid  and  then  dividing  this 
proc3uct  by  the  density  of  the  flovvlng  fluid. 
Conversion  constants  will  be  required  where 
the  measurements  are  not  in  the  same  unit 
system. 


Test 

Mo, 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

U 

15 

16 

17 

18 

19 

20 

21 


COMHJTBD  DATA 


Table  XVIII 
Water  Run  #1 


PIPE  LIME 
Velocity 


Pipe  Size 


Pressure  Drop 


ft /sec 

ft.  of 

water 

S  3/4" 

.  1174" . 

3/4" 

1  1/4" 

0.485 

0.184 

0.0412 

0.720 

0.273 

0.0884 

0.0080 

0.857 

0.324 

0.121 

0.0160 

1.040 

0.384 

0.174 

0.0204 

1.135 

0,430 

0.204 

0.0247 

1.25 

0.475 

0.243 

0.0271 

1.34 

0. 508 

0.278 

0.0318 

1.45 

0.550 

0.317 

0.0357 

1.32 

0,499 

0.275 

0.0333 

1.90 

0.721 

0.524 

0.0499 

2.49 

0.943 

0.840 

0.0833 

3*  14 

1.19 

1.25 

0.125 

3.70 

1.40 

1.67 

0.167 

4.15 

1.58 

2.10 

0.208 

4. 5S 

1.74 

2.53 

0.250 

5.09 

1.93 

3.00 

0.308 

6.94 

2.63 

5.02 

0.216 

10.2 

3.88 

10.35 

1.01 

13.1 

4.83 

15.4 

1.50 

15.9 

6.00 

21.1 

2.19 

17.9 

6.JZ5 

26.5 

2.77 

Test 

No« 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

U 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 
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COMHJTED  DATA 
Table  XIZ 
Water  Run  §2 


Velocity  Pressure  Drop 

ft/sec  ft»  of  water 


.  JAI . . 

.  1  m" . 

. .  3/4" 

1  1/4" 

0.371 

0.140 

0.0153 

0.00353 

0.436 

0.165 

0.0303 

— 

0.514 

0.1955 

0.0419 

0.00595 

0.572 

0.2170 

0.0535 

0.00620 

0.660 

0.250 

0.07U 

O.OO8O3 

0.715 

0.271 

0.0846 

0.00981 

0.777 

0.2945 

0.0978 

0.0114 

0.938 

0.355 

0.150 

0.0120 

1.020 

0.386 

0.188 

0.0121 

1.188 

0.450 

0.231 

0.0163 

1.33 

0.503 

0.283 

0,0187 

1.44 

0.547 

0.329 

0.0225 

1.55 

0.5S7 

0.376 

0.0271 

1.63 

0.617 

0.409 

0,0291 

1.71 

0.647 

0.445 

O.O3I8 

1.83 

0.691 

0.589 

0,0379 

2.485 

0.944 

0.854 

0.092 

3.15 

1.19 

1.27 

0.124 

3.40 

1.286 

1.51 

0.148 

4.07 

1.54 

1.99 

0.215 

4.65 

1.76 

2.52 

0.251 

5.00 

1.695 

2.92 

0,287 

5.68 

2.155 

3.55 

0.367 

6.40 

2.420 

4*44 

0.424 

10.70 

4.05 

10.98 

1.09 

16.4 

6.22 

22.97 

2.15 

18.5 

7.00 

23.15 

2. 66 

20.3 

7.87 

3.46 

®5 


COMFUTSD  DATA 


(96) 


Table  IX 
IVater  Run  #3 


Test  No»  Pipe  Size _ Velocity  Pressure  Drop 


Inches 

ft/sec 

ft .Of  water 

1 

0.02275 

0.000267 

2 

li 

0.0266 

0.000378 

3 

0.0367 

0.000523 

4 

3/4 

0.0548 

0.000972 

5 

3/4 

0.212 

0.00885 

6 

3/4 

0.364 

0.0178 

7 

'ill* 

0.381 

0.0258 

8 

3/4 

0.482 

0.0354 

9 

. . 3/4 

2ji22 

0.0429 

Water  Run  #4 


Velocity  Pressure  Drop 


Test 

ft /sec 

ft. 

of  water 

No. 

Pipe  Size  3/4” 

11/4"  . 

3/4"  . 

.  1  1/4" 

1 

C.0923 

0.0352 

0.00445 

2 

0.116 

0.0477 

o.  00578 

3 

O.I6S 

0.0637 

0.00792 

4 

0.310 

0.118 

0.0148 

5 

0.425 

0.161 

0.0332 

— 

6 

0.470 

0.178 

0.0437 

— 

7 

0.635 

0.241 

0.0769 

0.000387 

8 

0.828 

O..314 

0.1250' 

0.00331 

9 

1.11 

0.422 

0.2080 

0.00931 

10 

1.31 

0.498 

0.292 

0.0160 

11 

1.55 

0.588 

0.382 

0.0225 

12 

1.71 

0.650 

0.463 

0.0278 

13 

1.75 

0. 664 

0.438 

0.0504 

14 

3.165 

1.20 

1.30 

0.132 

15 

4.07 

1.55 

2.075 

0.213 

16 

4*91 

1.86 

2.76 

0.287 

17 

5.81 

2.20 

3.75 

0.382 

18 

6.34 

2.40 

4.38 

0.442 

19 

7.09 

2.69 

5.26 

0.540 

20 

13.10 

5.02 

15.9 

1..56 

21 

18.2 

6.89 

27.4 

2.74 

22 

7.39 

„31»A 

IlOI 

COMPUTED  DATA 


Test 

No, 


Table  XU 

Run  A  June  10th  194^ 


PIPE  LINE 


Velocity  Pressure  Drop 


ft /sec 

ft.  of 

fluid 

Pipe  Size  3/4" 

1  1/4" 

. . 

1 1/4'’ 

0.0346 

0.0132 

0.0007S7 

0. 000328 

0.109 

o.oa4 

0.00497 

0.000976 

0.417 

0.159 

0.0349 

0.00142 

0.566 

0.216 

0.0636 

0.00206 

0.639 

0.242 

0.0945 

0.00396 

0.870 

0.331 

0.135 

0.00605 

1.014 

0.386 

0.180 

0.00913 

1.07 

0.406 

0.192 

0.0129 

1.21 

0.460 

0.230 

0.0245 

1.35 

0.514 

0.28? 

0.0385 

1.61 

0.612 

0.384 

0.0363 

2.62 

0.999 

0.873 

0.0982 

3.74 

1.43 

1.623 

0.161 

4.95 

1.83 

2.73 

0.269 

5.30 

.2.02 

3.28 

0.344 

6.32 

2.41 

4.U 

0.411 

10.6 

4.04 

10.4 

1.018 

13.5 

5.U 

16.0 

1.55 

16.1 

6.16 

22.2 

2.275 

19.  B 

7.55 

31.  B 

3.365 

21.6 

8.24 

37.6 

3.B1 

Solids  Concentration  2.5^  Density  of  Suspension  63.0  Ibs/ft^ 


COJoHiTifiD  Di^A 


Table  XXII 


Bun  B 

June  14th  1948 

PIPi£  Lll-ffi 

Velocity 

Pressure  Drop 

Test 

ft/eec 

ft.  of 

fluid 

m. 

Ploe  Size  3/4" 

.11/4" 

1  1/4" 

1 

0.167 

0.0634 

0.0583 

0.0129 

2 

0.267 

0.102 

0.0989 

0.0249 

3 

0.161 

0.0610 

0.1030 

0.0239 

4 

0.915 

0.348 

0.1330 

0.027? 

5 

l.U 

0.433 

0.203 

0.0310 

6 

0.700 

0.266 

0.134 

0.0653 

7 

2.16 

0.822 

0.632 

0.125 

a 

2.95 

1.12 

1.06 

0.154 

9 

3.62 

1.38 

1.53 

0.189 

10 

4.77 

1.82 

2.23 

0.268 

11 

5.33 

2.02 

2.68 

0.303 

12 

6.19 

2.36 

3.62 

0.358 

13 

8,76 

3.33 

3.60 

0.350 

U 

13.20 

5.02 

13.86 

1.37 

15 

17.5 

6.66 

23.70 

2.30 

16 

19.1 

7.26 

30.60 

Solids  Concent j*atioa  8.8^  Density  Suspension  65.0  Ibs/ft 
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COMHJTED  DATA 


Table  XXIII 

Run  C  June  17th  194^ 


FIFE  LINE 


Velocity  Pressure  Drop 


Test 

ft/sec 

ft. 

of  fluid 

No. 

Pipe  Size  3/4" 

1  1/4"  

3/4" 

1  1/4" 

1 

0.00188 

0.000715 

0.0183 

0.00852 

2 

0.0152 

0.00573 

0.122 

0.0268 

3 

0.00206 

0.000782 

O.CI9I 

0.0214 

4 

0.0157 

0.00596 

O.O8O3 

0.0439 

5 

0.0943 

0.0358 

0.157 

O.O83O 

6 

0.0334 

0.0172 

0.115 

0.0688 

7 

0.299 

o.iu 

0.254 

0.104' 

6 

0.457 

0.177 

0.296 

0.132 

9 

1.37 

0.52 

0.441 

0.121 

10 

2.20 

0.833 

0.74 

0.192 

n 

3.31 

1.26 

1.46 

0.262 

12 

3.34 

1.46 

1.94 

0.248 

13 

4.72 

1.79 

2.70 

0.277 

14 

5.55 

2.10 

3.57 

0.353 

15 

4.93 

1.89 

3.23 

0.271 

16 

9.00 

3.41 

8.31 

0.814 

17 

12.37 

4.68 

14.6 

1.44 

18 

15.6 

5.91 

21.6 

2.20 

19 

18.5 

7.00 

29.3 

2.92 

20 

22.8 

8.65 

41.4 

4.22 

Density  of  Suspension  67.1  Ibs/ft 


3 


Solids  Concentration  14*3^ 


(100) 


COMPDTED  Di\TA 
Table  XXIV 


Run  D 

June  21st  1948 

PIPE  LINE 

Velocity 

Pressure  Drop 

Teat 

ft/sea 

ft.  of 

fluid 

No. 

Pipe  Size  3/4" 

1  1/4” 

 3/4"  

1  lA" 

1 

0.0332 

0.0126 

0.338 

0.0134 

2 

0.264 

0.1005 

0.434 

o.oavs 

3 

0.133 

0.057 

0.474 

0.111 

4 

1.41 

0.53s 

1.13 

0.169 

5 

0.0322 

0.0198 

0. 522 

0.281 

6 

3.45 

1.31 

1.61 

0.493 

7 

6.08 

2.32 

4.46 

0.598 

8 

9.05 

3.44 

9.03 

0.850 

9 

11.8 

4.47 

14.20 

1.36 

10 

14.9 

5*66 

21.30 

2.07 

11 

17.3 

6.56 

28.20 

2.78 

12 

19.0 

7.23 

32.7 

3.24 

20.4 

_ 

. . 

3.80 

Solids  Concentration  21,2%  Density  of  Suspension  71.2  Ibs/ft^ 
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COMPUTED  DATA 
Table  IXV 

Hun  E  June  22ncl  194B 

PIPE  ms 


Velocity 

Pressure  Drop 

Test 

ft /sen 

ft.  of 

fluid 

No> 

PlB®  Sis*  3/4" 

i  1/4" 

”174v~ 

11/4" 

1 

0.121 

0.0459 

O.8O5 

0.422 

2 

0.(X)0791 

0.000301 

0.00146 

0.086? 

3 

0.03165 

0.0119 

O.7O8 

0.398 

4 

0.00125 

0.000474 

0.0426 

0.151 

5 

0.0444 

0.0169 

0.683 

0.350 

6 

O.OO862 

0.00328 

0.487 

0.281 

7 

0.0512 

0.0195 

0.710 

0.487 

8 

0.462 

0.184 

1.10 

0.596 

9 

8*04 

3.40 

9.02 

0.981 

10 

5.36 

2.03 

3.73 

0.866 

11 

3.24 

1.23 

i.aa 

0.785 

12 

0.0934 

0.0354 

0.9B4 

0.510 

13 

11.  0 

4.18 

13.3 

1.295 

14 

15.3 

5.82 

23.1 

2.04 

15 

18.2 

0.92 

31.0 

2.92 

16 

21.15 

8.02 

40.0 

3.85 

Solida  Conoentration  25.0^^ 


Density  of  Suspension  73*2  Ibs/ft^ 


ilOt,' ) 


OOmmW  DATA 
Table  Xm 


Run  F 

June 

2Uth  1948 

Velocity 

Pressure  drop 

Test 

ft/sec 

ft.  of 

fluid 

No, 

Pipe  Siae  3/4" 

1 ly'4" 

-  -3/4  " 

11/4: 

1 

O.QC783 

0.00301 

0.11 

0.231 

2 

0.0646 

0.0246 

0.877 

0.583 

3 

0.278 

0.1055 

2.44 

0.995 

4 

0*0350 

0.0133 

2.11 

0.765 

5 

0.104 

0,0394 

l.BO 

0.684 

6 

0.242 

0.0921 

2.60 

0.925 

7 

1.055 

0.401 

3*12 

1.26 

8 

1.68 

0.639 

4.22 

1.S3 

9 

B.33 

3.17 

8.20 

2.30 

10 

10.8 

4.11 

13.3 

2.66 

11 

13.1 

4.9B 

18.6 

2.48 

12 

16.3 

6.21 

27.4 

3.13 

13 

19.9 

7.55 

36.4 

4.15 

21.3 

8.10 

&2i8 

4!43 

Solids  Concentration  31.85^1 


Density  of  Suspension  77»5  Ibs/ft 
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COMPUTED  DATA 
Table  XXVII 


Run  G 

June  28tii  1948 

PIPE  LINE 

Velocity 

Pressure  drop 

Test 

ft/sec 

ft.  of 

fluid 

No. 

Pipe  Size  3/4" 

1  1/4" 

 j/A"  

i.iA' 

1 

0.161 

0.0160 

4.55 

2.47 

2 

0.00153 

0.000584 

0.978 

0.840 

3 

0.0520 

0.0197 

3.63 

1.77 

4 

0.0652 

0.0247 

4.26 

1.73 

5 

0.580 

0.220 

5.77 

2.91 

6 

0.208 

0.790 

5.02 

2.37 

7 

0.702 

0.266 

6.19 

2.895 

8 

1.35 

0.509 

6.90 

3.39 

9 

2.34 

0.889 

7.50 

3.80 

10 

6.65 

2.52 

9.15 

4.43 

11 

10.40 

3.95 

11.80 

4.81 

12 

12.75 

4.84 

17.55 

4.93 

13 

15.1 

5.73 

24.00 

5.22 

14 

16.7 

6.37 

29.60 

5.34 

15 

18.1 

6«S6 

33.50 

5.28 

16 

21.1 

8.00 

43.60 

5.73 

Solids  Concentration  36.8^ 


Density  of  Suspension  79* S  Ibs/ft 
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COMPUTED  DATA 
Table  Xmil 


Run  H 

June  30tli  1948 

Velocity 

Pressure  drop 

Test 

ft /sec 

ft.  of 

fluid 

No. 

Pipe  Size  3/4" 

1  1/4” 

3Z4" 

1  1/4" 

1 

0.0565 

0.0215 

5.60 

2.68 

2 

0.2245 

0.0855 

7.00 

2.95 

3 

0.0224 

0.0085 

2.975 

1.61 

4 

0.910 

0.345 

8.41 

4.27 

5 

0.0434 

0.0165 

8.32 

4.52 

6 

2.52 

0.956 

9.94 

5.50 

7 

7.13 

2.70 

12.3 

6.36 

8 

10.9 

4.U 

13.9 

6.65 

9 

11.6 

4.40 

15.1 

6.82 

10 

12.65 

4.80 

17.2 

7.025 

U 

15.1 

5.74 

24.5 

7.10 

12 

20,55 

7.80 

42.7 

7.64 

Solids  Concentration  39.2^ 


Density  of  Suspension  81.2  Ibs/ft 
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COMHJT^  DATA 
Table  XXIX 

Run  J  July  2nd  1948 

PIPELINE 


Test 

No. 

Velocity 

ft/sec 

Pressure  drop 
ft.  of  fluid 

Pipe  Size  3/4” 

1  1/4" 

 374" . 

1  1/4" 

1 

0.0417 

0.0158 

7.75 

4.43 

2 

0.114 

0.0432 

9.56 

4.34 

3 

0.604 

0.3295 

10.55 

5.70 

4 

0.712 

0.270 

11.8 

6.30 

5 

2.07 

0.786 

12.95 

6.94 

6 

2.98 

1.13 

13.55 

7.28 

7 

5.83 

2.21 

15.20 

7.76 

8 

12.30 

4.67 

18.3 

8.66 

9 

14.80 

5.62 

23.3 

8.75 

10 

17.9 

6.79 

33.85 

9.24 

11 

20.2 

7.67 

41.6 

9.38 

Solids  Concentration 


Density  of  Suspension  82*4  Ibs/ft 
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FINAL  CALCULATIONS  AND  CORRELATION  OF  RESULTS 


Suspension  properties: 

Equation  (91)  gives  the  relationship  between  the  shearing 
stress  (Ibs/rt^)  and  the  viscosimeter  load#  (^^ms)# 

A  r 

S  =  12x454  n  Qi-rr  I  ^  iTrAi®)  (91) 

The  following  values  of  the  constants  in  equation  (91)  were 
obtained  from  the  supplementary  data; 

A  s  0.25  inches 

r  s  0.537  " 

R  =  2.844  " 

1  =  1.367  " 

=  0.625  " 

Ag  =  0.595  " 

Substitution  in  equation  (91)  yields 
S  3  0.00221  w 

For  the  particular  case  of  the  aero  rate  of  shear 

=  0.00221  u  (110) 

The  mathematical  analysis  of  a  Stormer  viscosimeter 
indicated  that  the  viscosity  or  coefficient  of  rigidity  of 
the  material  being  tested  was  related  to  the  slope  of  the 
viscosimeter  data  (x)  by  means  of  a  constant  K  such  that 


and 


(98) 

(109) 


U07) 


The  calibration  data  for  the  particular  viscosimeter 
used  (Tables  1,  Figs.  17  k  18)  indicated  that  K  was  not 
quite  constant  but  varied  slightly  with  X  .  For  this 
reason  the  relationship  between  or  arid  A  is 
presented  graphically  in  figures  (19)  and  (20).  Figure  (20) 
is  an  expansion  of  the  lower  range  of  figure  (19).  It  is 
recommended  that  figure  (20)  be  used  for  slope  values  up 
to  5.5  or  5.6  and  figure  (19)  be  used  for  interpreting 
slope  values  greater  than  5.6  gms.  sec./  Rev. 

A  few  points  at  the  lower  viscosities  were  checked  and 
the  coordinates  have  been  marked  on  figure  (17),  as  crosses 
and  squares. 

Using  equation  (110)  and  the  viscosimeter  celib ration 
charts  (Pigs  19,  20)  the  suspension  viscosimeter  data 
(Table  IV,  Pigs.  25,  26)  were  interpreted  as  yield  values 
and  coefficients  of  rigidity.  The  values  so  obtained  are 
presented  below  in  tabular  and  graphical  form. 

Figure  (27)  shows  the  relationship  between  the  yield 
value  (m^)  and  the  percent  solids.  The  shape  of  the  graph 

indicates  an  exponential  relationship  of  the  general  form 

ml  =  A  (e^  -  1)  (111) 

where  a,  A  are  constants 

X  is  the  percent  solids. 
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Figure  (28)  correlates  the  data  as  1  n(in^  +  0.001) 

VS.  X  to  establish  the  equation: 

ml  ■  0.001  -  1)  (112) 

Either  figure  (28)  or  equation  (112)  may  be  used  to 
smooth  the  data.  Figure  (29)  presents  smoothed  yield  values 
correlated  with  percent  solids.  These  values  which  are 
also  tabulated  below,  were  used  in  subsequent  calculation. 

Figure  (30)  presents  the  relationship  between  the 
coefficients  of  rigidity  and  the  percent  solids. 

Again  an  exponential  form  is  suggested.  The  coefficient 
of  rigidity  is  temperature  sensitive  particularly  at  values 
of  the  same  magnitude  as  the  carrier  fluid  viscosity.  This 
effect  is  assumed  to  b©  due  to  the  liquid  present  and  inde¬ 
pendent  of  the  solid.  By  subtracting  the  viscosity  of  the 
carrier  fluid  from  the  coefficient  of  rigidity  the  difference, 
the  effect  due  to  the  solid,  should  be  unaffected  by  small 
changes  in  temperature.  Values  of  this  difference 
are  tabulated  below  for  reference.  In  correlating  the  coeffic¬ 
ients  of  rigidity  with  percent  solids  figure  (31)  was  prepared. 
Instead  of  attempting  to  relate  the  coefficients  of  rigidity 
directly  to  percent  solids,  Ln(  -H  0.0^2)  was  plotted 

against  (x)  the  percent  solids.  Figure  (31)  gives  rise  to 
the  following  equation 

Jj?  » //  -r  0.0^2  -  1)  (113) 


(103) 


This  form  of  equation  allows  the  temperature  effect  to 
be  taken  Into  consideration  via  the  viscosity  of  the  carrier 
fluid. 

s 

Figure  (32)  illustrates  the  relationship  between  the 
smoother  coefficients  of  rigidity  and  the  percent  solids. 

The  values  used  are  tabulated  below  (Table  XXaI)  together 
v/ith  values  of  (  -  /^  )  •  These  smoo tht^d  data  were  used 

in  subsequent  calculations. 
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CALCULA!rSi)  KSSULTS 


Table  XXX 


SUSPENSION  PHOPEHTIES 


Yield  Visaosimetar 


Run 

%  Solids 

Oeasity 

Load 

data  slope 

lbs/ft3 

gms. 

gms. secs. 

rev. 

A 

2.5 

63.0 

0 

3.B8 

B 

8.8 

65.0 

1.0 

4.02 

C 

U.3 

67.1 

4.0 

4.27 

D 

21.2 

71.2 

U 

4.64 

E 

25.0 

73.2 

25 

4*63 

F 

31.9 

77.5 

68 

6.87 

a 

36.8 

79.8 

144 

8.14 

H 

39.2 

81.2 

197 

10.0 

J 

40.4 

82.4 

250 

13.0 

Smoothed 


Yield 

Coefficient 

Yield 

Coefficient 

Value 

of  Higidity 

Value 

of  iriigidity 

lbs 

lbs 

lbs 

lbs 

ft^ 

ft. sec. 

ft. sec. 

«... 

0.000526 

0.0005 

0.00221 

0.00064 

0.0030 

d 

0.00884 

0.00082 

0.0085 

3 

0.03095 

0.00118 

0.0270 

0  IB 

0.0553 

0.00132 

0.0500 

H  0 

^  H 

0.150 

0.0047 

0.14B0 

gj  0 

^  ,0 

O.3I8 

0.00655 

0.315 

0 

0.436 

0.0103 

0.470 

X 

0.553 

0.0159 

0.560 

Table  XXXI 

TARIATION  OF  rj  iflTfi  TEMFSHATURS 


Hun 

25®  C. 

27®  C. 

29°  c. 

u> 

0 

0 

• 

33®  0. 

35°  C. 

A 

/ 

0.0^30 

0.00063 

0.000604 

0.000579 

0.000556 

0.000535 

0.000515 

B 

0.0^82 

0.000682 

0.000654 

O.OG0631 

0.000603 

0.000587 

0.000567 

0 

0.0o20 

> 

0.00080 

0.000774 

0.00744 

0.00726 

0.00705 

0.000685 

D 

0.0,56 

0.001,16 

O.OCII3 

0.00111 

0.00109 

O.OCIO7 

0.00105 

B 

0.001,06  0.00166 

0.00163 

0.00161 

0.00159 

0.00157 

0.00155 

F 

0.003,23  0.00383 

0.00381? 

0.00378 

0.00376 

0.00374 

0.00372 

a 

0.006,98  0.00758 

0.00755 

0.00753 

0.00751 

0.00749 

0.00747 

E 

0.0107 

0.0U3 

0.0113 

0.0113 

0.0112 

0.0112 

0.0112 

J 

0.0150 

0.0156 

0.0156 

0.0156 

0.0155 

0.0155 

0.0155 

/ 
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Yield  Value  vs.  Percent  Solids. 

Fig.  27 


Yield  Value  +  0.001 
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Smoothed  Yield  Value  vs.  Percent  Solids. 


Fig.  29. 


Coefficient  of  Rigidity.  (Ibs./ft.sec. ) 
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Fig.  30. 


m 


0  0  +  U) 


(116) 


Percent  Solids. 


Smoothed  Coefficient  of  Rigidity  vs. 

Percent  Solids. 

Fig.  32. 
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FINAL  CALCULATIONS  AND  CQRRIILATIOH  OF  REHULTS  (cont’d) 


Water  flow  runs: 

The  friction  factors  for  the  water  runs  were  calculated  by 

means  of  equation  (21)  in  the  form 

f  s  -  AP.  .  /gp 
2L 

Reynolds  numbers  were  calculated  from 

%e  =  D  V p 

The  values  so  obtained  are  tabulated  below  (Tables  32  -  35)* 
The  water  test  runs,  as  well  as  establishing  flow  conditions 
for  zero  percent  solids,  check  the  smoothness  of  the  test 
sections.  Figui^e  (33)  compares  the  water  data  with  the  theor¬ 
etical  friction  factor  -  Reynolds  number  relationship  for 
smooth  pipe#  In  the  streamline  flow  region  Poiseuille*s 
theoretical  line  was  used  for  comparison  and  in  the  turbulent 
flow  region  Nik^radse^s  line,  which  is  obtained  from  the 
equation  1  s  g  log  ■\/4f  -  0.8,  was  used. 


Test 

No, 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 
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RESULTS 
Table  XXXII 
Water  Tost  Run  #1 


Reynolds  N\imber 


Friction  Factor 


Pipe  Size 


3/4“ 

1  1/4" 

. 3/4" 

11/4" 

3,340 

2,050 

0.00922 

0.00915 

4,940 

3,040 

0.00895 

0.0130 

5,900 

3,600 

O.OO87O 

0.0118 

7,170 

4,270 

0.00874 

0.0114 

7,B20 

4,780 

0.00832 

0.0103 

8,620 

5,290 

0.00821 

0.0105 

9,240 

5,650 

0.00811 

0.0100 

10,000 

6,120 

0,00795 

0.0115 

9,100 

5,550 

0.00826 

0.00820 

13,100 

8,020 

0.00764 

O.OO8O4 

17,200 

10,500 

0.00716 

0.00754 

21,700 

13,200 

0.00668 

0.00729 

25, 500 

15,600 

0.00642 

0.00712 

28,600 

17,600 

0.00642 

0.00706 

31,600 

19,500 

0.00632 

0.00706 

35,000 

21,300 

0.00611 

0.00706 

47,800 

29,300 

0.00547 

— 

70,400 

43,200 

0.00524 

0.00572 

90,30c 

53,700 

0.00472 

0.00550 

109,500 

66,700 

0.00438 

0.00520 

123,000 

75,000 

0.00435 

0.00519 

No, 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

U 

12 

13 

U 

15 

16 

17 

la 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 


OALCULATSD  RESULTS 


Table  Xmil 
i^ator  Tost  Run  #2 


Reynolds  Number  Brlction  Factor 


3/4" 

1  1/4" 

3/4" 

11/4" 

2,150 

1,310 

0.00477 

0.0154 

2.520 

1.550 

O.OOB43 

2,970 

1,840 

0.00837 

0.0129 

3.310 

2,040 

0.00863 

0.0U3 

3,820 

2,350 

0.00863 

0.0110 

4,140 

2,550 

0.00873 

0.0114 

4,500 

2,770 

0.00849 

0.0U3 

5.420 

3.340 

0.00900 

0.00813 

5,900 

3.630 

0.00952 

0.00695 

6,380 

4,230 

0.00863 

0.00687 

7.700 

4.730 

0.00843 

0.00633 

6,340 

5.140 

0.00837 

o«  006^ 

8,970 

5,510 

0.00826 

0.00663 

9.440 

5,aoo 

0.00810 

0.00654 

9,900 

6,080 

o.ooaoo 

0.00651 

10,600 

6,500 

0.00926 

0. 00777 

U.400 

8,880 

0.00726 

0.00881 

18,200 

11,700 

0.00668 

0.00747 

19.700 

12,050 

0.00690 

0.00767 

23.500 

14,500 

0.00632 

0.00776 

26,900 

16,550 

0.00613 

0.00693 

28,900 

17,800 

0.00614 

0.00702 

32,900 

20,250 

0.00668 

0.0119 

37.000 

22,800 

0.00568 

0.006I8 

61,900 

38,100 

0.00540 

0.00569 

95.000 

58,500 

O.OO44B 

0.00475 

107.000 

65,800 

0.00435 

0.00464 

120,500 

74,000 

0.00422 

0.00477 

Teat 

Mo, 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 


(120) 


Tost  No, 

1 
2 

3 

4 

5 

6 
7 
6 
9 


Pive  Size 


CAUCITLATSO  RESOI/TS 
Table  XUIV 

Water  Test  liun  #3  June  8th  1948 


Pipe  Size 

Reynolds 

Friction 

inches 

lifumber 

Factor 

1  1/4 

300 

0,0432 

1  1/4 

351 

0.0456 

1  1/4 

484 

0.0329 

3/4 

724 

0.0277 

3/4 

145B 

0.0104 

3/4 

2500 

0.00706 

3/4 

2615 

0.00938 

3/4 

3310 

0,00806 

3/4 

3660 

0.00795 

Table  XXXV 


Water  Test  Bun  #4 

July  9th  1948 

Reynolds  Munber 

Friction  Factor 

3/4"  1  1/A" ^ 1  1/4" 


594 

366 

0.0272 

9 

743 

496 

0.0226 

1,080 

662 

0.014a 

1,980 

1.230 

0.00S12 

2  © 

2,720 

1,680 

0.00970 

n,g 

3,010 

I.S50 

0.0104 

S 

4,06c 

2.510 

0.0101 

5,30c 

3,260 

0.00965 

0.00288 

7,100 

4.380 

0.00891 

0.00448 

8,280 

5.iec 

0.00896 

O.OO54B 

9,810 

6,120 

0.00838 

0.00556 

10,800 

6,750 

0.00833 

0.00564 

U,100 

6,900 

0.00754 

0.00976 

20,05c 

12,500 

0.00685 

0.00785 

25,100 

16,100 

0.00659 

0.00652 

30,300 

19.400 

0.00604 

0.00710 

36,800 

22.900 

0.00585 

0.00675 

40,500 

25,000 

0.00575 

0.00655 

45,400 

28,000 

0.00553 

0.00638 

84,000 

52,200 

0.00467 

0.00529 

119,000 

71,600 

0.00437 

0.00483 

123,000 

76,f>00 

0.00436 

0.00472 

0.100 

0.080 

_ 

\ 

0 

1 

i 

0.040 

A  A9A 

1 

,  0 
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Water  Test  Data. 

Friction  Factor  vs.  Reynolds  Number 

Fig.  33 

Reynolds  Number  *Dy,o‘ 


FINAL  CALCULATIONS  AND  CORRELATION  OF  RESULTS  (ccnt’d) 


Suspension  flow  runs; 

ILie  literature  review  Indicated  that,  for  suspensions, 
values  of  the  following  dimensionless  ratios  might  be  of 
use  in  establishing  relationships  to  predict  pressure  drops 
from  flow  rates. 

a.  ”f'*  ST  -  A?  .  ^  D 

V)o  2L 

%e{l)  “ 

A 

c.  NHe(il)  “  O’VA 

% 

d*  NRe(ili)  ®  D  Y/^  1  1-4  (2Lm'  )  1  (SLm') 

I  3  (R^P  )  3  (R4P) 

These  ratios  were  calculated  and  are  tabulated  below 
(Tables  36  to  44).  It  was  found  convenient  to  apply  all 
the  "corrections”  as  modified  Reynolds  numbers  and  to  leave 


the  friction  factor  unaltered 


No, 

1 

2 

3 

4 

5 

6 

7 

S 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 


CAIX:;UM?jBD  RESULTS 


Friction  Factor 

3/4" 1  1/4" 

Table  XKXVI 

Run  A 

Reynolds  Nuraber 

3/4" 1  1/4" 

Reynolds  Number 

7s 

3/4" 1  1/4” 

Reynolds  Number 

3/4" 1  1/4" 

0,0345 

0.161 

318 

197 

265 

164 

mm 

0.  0220 

0.0488 

1,003 

617 

836 

512 

- 

- 

0,0119 

O.04BO 

3,830 

2,470 

3,200 

1,970 

7U3 

0,0105 

0.0377 

5,220 

3,220 

4,840 

2,680 

3,860 

0,0122 

0.00577 

5,880 

3,610 

4,900 

3,000 

4.230 

0,00937 

0.00475 

8,000 

4,920 

6,660 

4,100 

6,iao 

16.2 

0.00923 

0.00525 

9,320 

5,750 

7,780 

4,780 

7,220 

908 

O.OO89I 

0.00672 

9,850 

6,050 

6,210 

5,030 

7,660 

2,012 

O.OO832 

Oo 00985 

11,100 

6,850 

9,500 

5,340 

8,960 

3,920 

0.00832 

0.0125 

12,400 

7,650 

10,600 

6,520 

5,160 

O.OO78O 

0.00828 

14,800 

9,110 

12,600 

7,760 

6,090 

0.00669 

0,00840 

24,100 

14,900 

20,600 

12,700 

11,700 

0,00611 

0.00671 

34,400 

21,300 

30,000 

24,400 

0,00590 

0.00627 

45,500 

28,000 

39,700 

24,400 

0.00616 

0.00711 

48,700 

30,100 

43,500 

26,900 

0.0054s 

0.00603 

58,200 

35,900 

51,700 

32,100 

O.OO4S7 

0.00533 

97,500 

60,200 

87,000 

53,700 

0.00461 

0.00502 

124,000 

76,500 

111,000 

68,300 

0.00456 

0.00512 

148,000 

91,800 

132,000 

81,800 

0. 00428 

O.CO5O5 

182,000 

112,500 

162,000 

100,000 

0,00424 

0.00480 

199,000 

123,000 

177,000 

109,500 

I 


CALCULATED  RESULTS 


.4^ 


Table  XXXVII 
Run  B 


Friction  Factor  Reynolds  Rumber  Reynolds  Number  Reynolds  Number 


Test  Pipe 
No.  Size 

-  3/4" 

1  1/4" . 

mA 

11/4" 

mA 

% 

ykr  1 1/4" 

J/4" 

1 .1/4" 

1 

0.111 

0.275 

1,020 

623 

1,145 

704 

3< 

•  4 

2 

0.0732 

0.205 

1,620 

1,100 

1,830 

1,130 

503 

3 

0.210 

0.553 

975 

600 

1,100 

677 

328 

4 

0.00795 

0.01E9 

5,540 

3,420 

6,260 

3,860 

2,790 

5 

0.00S22 

0.0141 

6,900 

4,260 

7,810 

4,810 

4,920 

111 

6 

0.0144 

0.0791 

4,230 

2,620 

5,360 

3,300 

2,410 

1,050 

7 

0.00690 

0.0159 

13,100 

8,080 

16,500 

10,200 

U,500 

6,420 

8 

0.00654 

0.0105 

17,850 

11,000 

22,600 

13,900 

9,730 

9 

0.00600 

0.00853 

21,900 

13,600 

27,700 

17,100 

12,900 

10 

0.00527 

O.CO692 

28,800 

17,900 

^  36,400 

22,600 

11 

0.00497 

0.00636 

32,200 

19,900 

40,800 

25,000 

12 

0.00497 

0.00551 

37,400 

23,200 

47,700 

29,500 

13 

0.00257 

0.00270 

53,000 

32,800 

67,500 

41,600 

U 

0.00420 

0.00465 

80,000 

49,400 

102,000 

62, 600 

15 

0. 00407 

0.00442 

106,000 

65.50c 

135,000 

83,200 

16 

0.00442 

0.00513 

116,000 

71.400 

149,000 

91,800 

No, 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

U 

15 

16 

17 

18 

19 

20 


OALCULAITED  RESULTS 
Table  XXXVIII 
Run  C 


yriction  Factor  Reynolds  Number  Reynolds  Number  Reynolds  Number 


Pipe 

Size  3/4"  1  1/4"  3/4"  1  1/4"  3/4" _ 11/4"  3/4" _ 1  1/4" 


173  1410 

17.9  11.0 

10.8 

6.68  - 

27.7 

66.5 

U5 

89.0 

87.5 

54.0  - 

- 

138 

268 

19. 

6  12.0 

11.9 

7.31  - 

17.1 

106 

U9 

91.9 

90.3 

55.7  - 

- 

0.932 

5.55 

896 

551 

551 

340  3.31 

30, 

5.43 

36.6 

318 

196 

198 

121 

- 

0.150 

0.685 

2,840 

1,760 

1,780 

1,100  414 

1, 

0.0717 

0.362 

4,440 

2,720 

2,720 

1,710  925 

168 

0.0123 

0.0384 

13,300 

8,220 

8,150 

5,020  4,370 

276 

0.00806 

0.0237 

21,400 

13,200 

13,100 

8,040  9,440 

7,490 

0.0070 

o.oia 

32,500 

20,000 

20,000 

12,400  17,200 

6,180 

0.00696 

0.0100 

37,900 

23,200 

23,200 

14,300 

6,760 

0.00637 

0.007a 

46,600 

28,800 

28,500 

17,500 

9,220 

0.00626 

0.00685 

55, 000 

33,800 

33,600 

20,600 

0.00685 

0.00650 

49.700 

30, 600 

30, 600 

18,800 

0.00543 

0.00599 

89,700 

55,200 

55.200 

33,900 

0.00502 

0.00564 

125,000 

78,200 

75.800 

46,600 

0.00488 

0.00539  157,000 

97,500 

92,600 

58,600 

0.00452 

0.00510  191,500 

U8,000  115,000 

70,700 

0.00420 

0.00482  236,000 

145,000  142,000 

87,400 

(  ] 


CALCULATED  RESULTS 
Table  xmx 
Hun  D 


Friction  Factor 

Reynolds  Number 

Reynolds  Number  Reynolds  Number 

Pipe 

Test 

Size  3/4" 

1  1/4" 

3/4".. 

.  1  1/4" 

-  3/4" 

1  1/4”.  3/4" 

1  1/4" 

No. 

1 

16.2 

7.22 

330 

203 

137 

82.4  - 

2 

0.380 

0.236 

2,620 

1,620 

1,090 

672  U7 

3 

2.5 

2.92 

1,320 

917 

550 

381  2.2 

4 

0.0299 

0.0496 

14,000 

5,440 

5,840 

3,600  2,730 

5 

10.2 

61.3 

519 

319 

218 

132  5.45 

6 

0.0071 

0.0246 

34,300 

21,100 

14,300 

8,750  8,870 

2,350 

7 

0.00638 

0.00950 

60,500 

37,300 

25,200 

15,500  21,700 

5.970 

8 

0.00585 

0.00616 

90,900 

55.300 

37,400 

23.200 

13,000 

9 

0.00537 

0.00581 

110,000 

71.900 

49.000 

30,100 

10 

0.00506 

0.00551 

151,000 

91.100 

61,900 

38,100 

11 

0.00497 

0.00553  178,000 

106,000 

71,900 

44,200 

12 

0.00477 

0.00532  196,000 

116,000 

80,500 

49,600 

13 

0.00468 

0.00543  212,000 

125,000 

86,500 

53.200 

1 


No, 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 


CALCULATED  RESULTS 
Table  XL 
Run  E 


Friction  Factor 


Reynolds  Number  Reynolds  Number  lieynolds  Ruiaber 


Pipe 


Size  3/4"  1  1/4" 

3/4" 

..  1  1/4" 

. 3/4" . 

1  1/4". 

J/4^ 

1  l/4« 

2.90  17.1 

1,030 

633 

358 

220 

1.79  24. 

123  81,800 

6.74  4.15  2.34  1.44  - 

- 

37.3  239 

272 

167 

93.6 

56.9 

7.2 

144  57,400 

10. 

8  6.64  37.0 

22.7 

-  , 

- 

18.4  105 

386 

238 

132 

81. 4 

13.0 

345  2,U0 

75. 

0  46. 

2  25.6 

15.8 

- 

- 

14.3  109.5 

445 

275 

152 

93.9 

9.88  0.4< 

0.272  1.51 

4,020 

2,590 

1,370 

886 

136 

0.00705  0.00722 

69,900 

47,900 

23,900 

16,400 

2,100 

5.340 

0.00685  0.0152 

47.100 

29,000 

15,900 

9,770  11,100 

2,450 

0.00943  0,0445 

28, 500 

17,600 

9.640 

5.930 

4,370 

1,120 

5.95  34.9 

822 

505 

279 

171 

11.7 

0.0057s  0.00647 

98,000 

60,200 

32,900  ' 

20,300 

9,750 

0.00520  0.00016 

136,000 

83,700 

45,800 

28,200 

0.00483  0.00522 

164,000 

101,000 

54,400 

33,700 

0.00471  0.00511 

192,000 

117,000 

63,600 

39,000 

I 


No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

U 
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CALCULATED  RESULTS 
Table  XLI 
Run  F 

Friction  Factor  Reynolds  Number  Reynolds  Number  Reynolds  Number 


Pipe 


»  3/4" 

1  1/4" 

3/4" 

1  1/4" 

3/4" 

1  1/4" 

JdJ^ 

1  1/4" 

94.3  2,180 

72. 

2  45. 

1  10.5 

6.53 

11.1 

82.5 

596 

309 

86.6 

53.8 

- 

1.67 

7.68 

2,570 

1,580 

372 

229 

2.90 

90.6 

370 

323 

200 

46.8 

28.9 

1.20 

8.8 

37.8 

960 

591 

139 

85.5 

- 

2.34 

9.42 

2,230 

1,380 

324 

200 

4*86 

0.142 

0.669 

9,750 

6,000 

i.ao 

870 

152 

37. 

0.0785 

0.394 

18,000 

9,590 

2,250 

1,390 

658 

131 

0^00622 

0.0196 

77,800 

48,100 

11,200 

6,880  ' 

7,190 

805 

0.00601 

0.0134 

101,000 

62,200 

14,500 

8,950  11,100 

2,760 

0.00569 

0.00874 

123,000 

75,500 

17,500 

10,900 

2,880 

0.00543 

0.00695 

154,000 

98,200 

22,100 

13,600 

5,460 

0.00511 

0.00624 

180,000 

114,600 

26,800 

16, 500 

8,550 

0.00514 

0.00588 

201,000 

123,000 

26.700 

17.700 

■I-  ; 


X'- 


JX-’-  , 
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C/iLCULATiJiD  RESULTS 
Table  XLII 
Run  Q 


Friction  Factor  Reynolds  Ifcimber  Reynolds  i^omber  Reynolds  Mumber 


Pipe 

Test  Size  3/4”  1  1/4^^  3/4^  1  1/4”  3/4^  1  1/4^  3/4^  1  1/4^ 

No, 


1 

9.28 

56.8 

1,530 

941 

112 

68.9 

1.23 

6.39 

2 

2,205  211,000 

14. 

6  0.9CX)  1.06 

0.66 

3 

70.9 

390 

494 

304 

36.1 

22.3 

4 

529 

243 

626 

387 

45.3 

27.9 

1.50 

5 

0.906 

5.14 

5,670 

3,430 

'  404 

249 

21 

8.46 

6 

6.12 

32.5 

2,000 

1,2U 

145 

89.2 

0.435 

12.7 

7 

0.664 

3.50 

6,890 

4,240 

490 

300 

40.7 

1.5 

8 

0.200 

1.12 

13.550 

8,270 

944 

575 

139 

U.4 

9 

0.722 

0.412 

23.750 

14,600 

1,630 

1,000 

324 

84 

10 

0,0109 

0.0592 

67,900 

41,800 

4.640 

2,870 

1,510 

496 

U 

0.00575 

0.0263 

106,000 

65,500 

7.270 

4,460 

3,370 

557 

12 

0.00569 

0.0180 

132,000 

81,200 

8,920 

5.440 

5,660 

1.300 

13 

0.00554 

0.0136 

156,000 

96,200 

10,650 

6,470 

7,780 

1,790 

14 

0.00559 

0, 0113 

175,000 

107,800 

11,700 

7,200 

2,095 

15 

0.00538 

0.00959 

189,000 

116,000 

12,700 

7,750 

2,120 

16 

0.00517 

0.00766 

223,000 

138,000 

14,800 

9,040 

3,030 

I 
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CALCULATED  RESULTS 


(130) 


Table  XLIII 
Run  H 


Friction  Factor 

Reynolds  Number 

Reynolds  Number 

Reynolds  Number 

'V 

Pipe 

Test 

Size  3/4" 

1  1/4" 

.J/4" 

1  1/4" 

3/4"  1  1/4" 

3/4"  1  1/4" 

No, 

1 

9.27 

496 

552 

345 

26.3  16.2 

3.6 

2 

7.32 

34.6 

2,195 

1,370 

105  64.5 

- 

3 

312  1,050 

219 

136 

10.4  6.42 

4 

0.537 

3.06 

9,160 

5,720 

424  261 

19.5 

5 

23.3  1,420 

437 

274 

20.2  12.5 

0.909  ao6£5 

6 

0.0795 

0.515 

26,200 

16,350 

1,170  722 

52.7  60.5 

7 

0.0127 

0.0743 

74,200 

46,200 

3,320  2,040 

927  768 

8 

0.00616 

0.0333 

113,000 

70,700 

5,080  3,130 

1,790  997 

9 

0.00590 

0.0304 

122,000 

75,700 

5,410  3,320 

2,160  700 

10 

0.00564 

0.0261 

134,500 

83,700 

5,900  3,620 

2,760  329 

11 

0.00564 

0.0185 

162,000 

101,000 

7,040  4,330 

4,570  1,030 

12 

0.00532 

0.0108 

220,000 

137,600 

9.570  5,890 

7,470  1,660 

Friction  Factor 


Pipe 


Table  XLIV 
t^un  J 


Reynolds  dumber  Reynolds  itober  Re:^T[iold3  Number 


-T~ 


Test 

Size  3/4" 

1  1/4" 

. . . 3/4" 

1  1/4" 

.3/4"  . 

1  1/4" 

.  3/4" 

1  1/4" 

No. 

1 

234  1| 

,470 

409 

252 

U.3 

8. 

86 

1.01 

2 

38.7 

199 

1,120 

688 

39.5 

24. 

2  0.868 

2.2 

3 

1.52 

■  9.25 

5,990 

3,690 

209 

129 

14.0 

0.257 

4 

1.23 

7.40 

7,060 

4,350 

248 

153 

33.2 

8.41 

5 

0.159 

0.959 

20,600 

12,800 

720 

444 

137 

0.444 

6 

O.O8O5 

0.486 

30,200 

18,600 

1,000 

638 

228 

107 

7 

0.0236 

0.136 

59,100 

36,300 

2,030 

1,250 

593 

215 

8 

0.00632 

0.0340 

125,000 

76,700 

4,280 

2,640 

1,710 

642 

9 

0.00561 

0.0237 

152,000 

93,400 

5,150 

3,180 

2,645 

324 

10 

0.00557 

0.0171 

183,000 

113,000 

6,220 

3,840 

4,150 

1,070 

11 

0.00514 

0.0132 

209,000 

129,000 

7,020 

4,340 

5,120 

1,270 

t 


Suspension  flow  runs:  (cont’d) 

To  investigate  any  relationship  between  the 
friction  factor  ”f”  and  z  DVA  figures 

(34)  and  (35)  were  constructed.  Figure  (34)  makes 
use  of  the  data  for  f  >  0.011.  Figure  (35)  presents 
the  data  in  the  range  f  0.011  on  a  larger  scale  to 
show  the  effect  of  the  percent  solids  to  better 
advantage.  The  code  which  identifies  the  points  in 
figures  (34)  to  (50)  is  given  on  figure  (34)  and  also 
on  a  flap  inside  the  back  cover  of.  the  thesis.  This 
flap  may  be  opened  out  and  used  in  conjunction  with 
the  figures. 


10^ 


(158) 


“  G  V  36i8  - 

"  H  V  392  M 

-  J  X  40.4  - 

3/4"  Line - 

1 1/4"  •  - 

Water  Data - 


0001^ 

lO 


10^  10"  .  «  10" 

Reynolds  Number.  DV/o^ 


Friction  Factor  vs.  Reynolds  Number. 
Fig.  34. 


Friction  Factor 


(133) 


(See  Fig  34  for  code.) 


Suspension  flow  runs:  (cont’d) 


Figures  (36)  and  (37)  below  presents  the 
suspension  flow  data  as  friction  factor  vs 

*  3D7/^s  .  Figure  (36)  covers  the  range  f  <0,011 

% 

and  figure  (37)  the  range  f  >0,111,  On  figure  (37) 
a  line  labeled  ”Limit  of  Reliability  of  y  ”  marks 
the  boundary  above  and  to  the  right  of  which  the 
use  of  is  not  justified  by  the  viscosimeter  data. 

However,  it  will  be  shown  later  that  this  limitation 
is  not  very  serious  and  may  be  uised  beyond  its 
justifiable  range. 


Friction  Factor 


(155) 


(See  Fig. 34  for  code, ) 


Friction  Factor 


(lise) 


(See  Fig. 34 for  code.) 


(137) 


Suspension  flow  runs;  (contM) 

Figure  33  illustrates  the  relationship  between 
t.e  friction  factor  and  the  modified  Reynolds  number 

%eCiii)  =  OMA  /  1  -  i  [gLm')  1  (SLm')'^ 

■7^  L  5  3  (iTapT  J 

in  the  streamline  flow  region. 

Since  the  limit  of  reliability  of  ^  if  taken  on 
the  same  basis  as  In  figure  (37),  should  fall  on  the 
same  line  as  the  data  only  the  extreme  limit  of  is 

marked.  Again  the  data  indicate  that  it  is  probably 
safe  to  use  outside  its  justifiable  range. 

Figure  (59)  combines  figure  (38)  for  the  streamline 
flow  region  and  figure  (36)  for  the  turbulent  flow 
region.  The  range  covered  by  each  of  the  modified 
Reynolds  numbers  is  indicated  at  the  bottom  of  th© 
figui^©. 


Friction  Factor 


{ X«>B  (J 


Flg.38.  Friction  Factor  vs.  Reynolds  Number. 


At 


(S««  Fio.34  for  cod*. ) 


Friction  Factor 


Fig.  39 


(See  Fig. 34  for  code. ) 


(140) 


Husp^insion  Flow  Puns  (oont’d) 


Diraensional  analysis  in<31catod  that  a  further  ratio 
{DuJ)  ,  callnd  the  yi-^ld  ratio,  be  useful  In  ©stabliali- 

iif) 

Ing  pressu  e  drop  -  flow  rate  ro3.ationships*  To  locate  th© 
reiutiv©  position  of  lines  of  Ofiual  values  of  the  yield 
ratio  with  reapoot  to  tli-s  rriction  factor  axid  Heynolda 


H’-uiuber  the  rollQwlng  procedure  was  foliowod* 

Values  of  v>erti  read  from  figaru  (57)  at  dirfercnt 
percent  aollda  and  diaoetere  but  at  a  aerio©  of  constant 

values  of  the  modified  'do.7mold3  mrabor  (D¥/^  )*  Knowing 

i  ^6-  ) 

the  particular  plpo  diai:aet©r  and  suspension  proportias  for 

oach  of  thcfic  values  of  the  ratio  ( )  was  calculated • 

Dividing  the  ratio  )  by  th©  modified  He'ynolds 

^  ) 

number  (WA  )  rasulta  in  values  of  the  yield  ratio  (VmA 


}. 


The  values  vof  and  the  ratio  jtm'A )  ar©  listed  below 

(77) 

{Tabla  15), 


Figures  (40)  to  (50)  which  follow  table  (45)  illustrate 
the  variation  of  the  friction  factor  with  yield  ratio  at 
constant  ''d©^;-nDlds  number#  Those  figurea  also  serve  as  a 
source  of  smoothed  data  on  the  relationship  between,  the 
friction  factor,  the  yield  ratio,  and  the  modl.i’ied  Reynolds 
rifimbax'*,  sixic®  it  1b  posaibla  to  read  off  values  of  the  friotlon 
factor  at  a*ny  yield  for  a  aeri-^r^  of  Heynolds  nuisbora# 

A  table  of  smoothed  data  obtained  In  the  above  mmxmr  is 
presented  below  (Table  46). 


r 
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CALCUUTED  RESULTS 
TABLE  XLV 


Friction  Factor  ”  and  Yield  Ratio 


Friction  Factor 

Yield 

Ratio 

Friction  Factor 

Yield 

Ratio 

Ptpe 

Size- 

ME 

1  lA" 

3/4" 

1  1/4" 

3/4» 

1  lA» 

£SE~ 

"OZk 

Reynolds  No.  40 

Reynolds  No,  100 

^  Solids 

2.5 

393 

1040 

158 

415 

B.B 

2070 

5450 

829 

2185 

14.3 

116 

270 

3530 

9000 

22.5 

52.5 

1410 

3600 

21.2 

236 

560 

5250 

13900 

46.0 

102.0 

2100 

5540 

25.0 

168 

440 

4900 

12900 

32.0 

84.0 

i960 

5170 

31.9 

100 

220 

2780 

7300 

19.5 

41.5 

1110 

2920 

36.8 

64 

140 

1550 

4070 

12.0 

26.5 

620 

1630 

39.2 

39 

93 

1020 

2680 

7.5 

17.8 

407 

1070 

40.4 

32 

80 

660 

1.740 

6.1 

15.0 

267 

695p 

Reynolds  No.  400 

Reynolds  No, 

.  1,000 

2.5 

39.3 

104 

0.021 

0.024 

15.8 

41.5 

B.B 

207 

545 

0.255 

82.9 

14.3 

1.64 

4.4 

353 

900 

0.350 

0.82 

141 

360 

21.2 

3.9 

8.1 

525 

1390 

0.75 

1.5 

210 

554 

25.0 

2.7 

6.8 

490 

1290 

0.52 

1.18 

196 

517 

31.9 

1.62 

3.45 

278 

730 

0.31 

0.65 

111 

292 

36.a 

0.98 

2.18 

155 

407 

0.18 

0.41 

62 

163 

39.2 

0.62 

1.41 

102 

268 

0.116 

0.265 

40.7 

107 

40.4 

0.50 

1.13 

66 

174 

0.095 

0.210 

26,4 

69,5 

Reynolds 

No.  4,000 

Reynolds  No 4 

»  6,000 

2.5 

0.0111 

0.0048 

3.93 

10.4 

0.0098 

0.008 

2.64 

6.9; 

B.B 

0.020 

20.7 

0,0094 

0.0148 

13.8 

36.4 

14.3 

0.0295 

0.068 

35.3 

90.0 

0.014 

0,032 

23.5 

60.0 

21.2 

0.062 

0.114 

52.5 

139 

0,030 

0.054 

35.0 

92.4 

25.0 

0.044 

0.090 

49.0 

129 

0.021 

0.043 

32.7 

86.1 

31.9 

0.0245 

0.054 

27.8 

73 

0.012 

0.026 

18.5 

48.7 

36.a 

0.0144 

0,0318 

15.5 

40.7 

0,0069 

0.016 

10.3 

27.2 

39.2 

0.0094 

0,0220 

10.2 

26.8 

0.00575 

0.0108 

6.8 

17.9 

40.4 

0.0075 

0,0160 

6,60 

17.4 

0.00537 

0.0094 

4.4 

11.6 

CALCUUTED  RESULTS 
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TABLE  XLV  (Cont'd) 


Friction  Factor 

wf”  and 

Yield  Ratio 

T 

Friction  Factor 

Yield  Ratio 

Friction  Factor 

Yield -Ratio 

P/p<s 

S/^e. 

jm. 

1  1/4” 

2h” 

3/4” 

1  l/4« 

2jkL 

Lm 

Reynolds  No,  8,000 

Reynolds 

No.  10, 

000 

%  Soliis 

2.5 

0.0089 

0.0083 

1.97 

5.19 

0.00828 

0.00815 

1.58 

4.15 

6.8 

0.00815 

0.0155 

10.4 

27.4 

0.00658 

0,021 

8.29 

21.8 

14.3 

0.00965 

0.0195 

17.6 

45.0 

0.00896 

0.0130 

14.1 

36.0 

21.2 

0.0178 

0.034 

26.3 

69.3 

0.0119 

0.021 

21.0 

55.4 

25.0 

0.0125 

0.025 

24.5 

64.7 

0.0091 

0.0165 

19.6 

51.7 

31.9 

0.00745 

0.0155 

13.9 

36.5 

0.00646 

0.0100 

11.1 

29.2 

36.8 

0,00575 

0.00915 

7.76 

20.4 

0,00558 

6.2 

16.3 

39.2 

0.00545 

5.1 

13.4 

0.0053 

4.07 

10.7 

40,4 

0,00520 

3.30 

8.69 

2.64 

6.95 

Reynold 

3  No.  20,000 

Reynold  * ! 

3  No.  40,000 

2,5 

0.00678 

0.00678 

.79 

2.08 

0.00580 

0.00580 

0.393 

1.04 

8.8 

0.0062 

0.0076 

4.15 

10.9 

0.00517 

0.00517 

2.07 

5.45 

U.3 

0.0071 

0.0071 

7.05 

18.0 

0,00588 

0.00588 

3.53 

9.00 

21.2 

0.0065 

0.0076 

10.5 

27.7 

0.00560 

0.00560 

5.25 

13.9 

25.0 

0.00655 

0.00665 

9.80 

25.9 

0.00592 

0.00542 

4.90 

12,9 

31.9 

0.0055 

0.0056 

5.55 

14.6 

36,8 

0.00505 

3.10 

8.2 

39.2 

2.03 

5.4 

40.4 

1.32 

3.48 

Reynold ' 

•s  Eo.  100,000 

2.5 

0.00474 

0.00474 

0.158 

0.415 

8.8 

0.00422 

0.00422 

0.829 

2.18 

14.3 

0.00469 

0.00469 

1.41 

3.60 

21.2 

0.00454 

0.00454 

2,10 

5.54 

25.0 

31.9 

36.8 

39.2 

40.4 

(143) 


10 

Yield  Ratio 


Dm'/g 


Friction  Factor  vs.  Yield  Ratio 


^  =  40 


Fii  4  0 


Friction  Factor 


(144) 


Friction  Factor  vs.  Yield  Ratio 
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Fig.  42. 
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Friction  Fador  vs.  Yield  Ratio. 


Fig.  44. 
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Friction  Factor  vs.  Yield  Ratio. 


Fig. 45. 
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Fig.  47. 
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CAimATED  RESULTS 
TABLE  XLVI 


X>  V  a 


Smoothed  Values  of  the  Yield  Ratio  L 


V 


^5 


.  40  100  400  1,000  4,000  6,000 


Values  of  the  friction  factor 


8,000  10,000 


1 

0.00125 

0. 00^)8 

0.0068 

3 

0.00335 

0,0031 

0,0068 

0.0068 

6 

0.0063 

0.0054 

0.0068 

0.0068 

10 

0.086  0.033 

0.010 

0,0082 

0.0068 

0.0068 

30 

0.255 

0.091 

0.0270 

0.02 

0.0149 

0.012 

60 

0.43 

0.1? 

0.0505 

0.033 

0.0255 

0.0174 

100 

2.35  0.68 

0.275 

0.080 

0.053 

0.0375 

0.025 

300 

14 

6.25  l.B 

0.75 

o.a6 

0.13 

0.086 

600 

26.3 

11.6  3.4 

1.44 

o.u 

0.225 

1000 

42 

18.5  5.5 

2.3 

0.64 

0.34 

3000 

112 

52  15 

6.3 

6000 

220 

92 

10,000 

335 

142 

30,000 

900 

380 

60,000 

1680 

100,000 

2650 

P  ;>  2  X  10^  ”f  ”  is  independent  of 

^  V  /7 


D  -  2  X  10^  4  X  ICA  lo5 

-IT— 

f  0.0068  0.0056  0.0046 


i 


Suspension  ITloi?  Buns  ^cont’d) 

Table  (47)  lists  values  of  the  yield  ratio 

for  all  the  tests. 

Figure  (51)  illustrates  the  relationship 
between  the  friction  factor  and  the  modified 
Reynolds  number  when  the  yield  ratio  is  a  parameter. 
The  lines  of  constant  yield  ratio  were  positioned 
using  the  data  of  table  (46).  The  positions  of 
these  lines  were  checked  by  loceting  the  flow  data 
as  points  with  the  numerical  value  of  the  yield 
ratio  beside  them, 

lio  limitation  has  been  placed  on  the 
coefficient  of  rigidity  in  figure(51).  It  apoears 
that  for  any  given  percent  solids  the  values  of 
the  coefficients  of  rigidity  used  apply  equally 
well  over  the  whole  flow  range. 
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CALCULATED  RESULTS 
TABLE  XLVII 

Values  of  the  Yield  Ratio  for  all  Data 


Run 

A 

B 

C 

Pipe  Size 

3/4 . 

_ ii 

2/4 

li 

3/4_.  _ 

1^ 

Test  No. 

Yield  Ratio  D 

-vt 

1 

56.4 

242 

61.0 

262 

12350 

52700 

2 

17.9 

76.9 

38.1 

16.22 

1515 

650 

3 

4.68 

20.0 

63.3 

27.20 

11210 

48200 

4 

1.65 

14.8 

10.12 

47.70 

1472 

633 

5 

3.05 

13.2 

8.94 

38.30 

250 

1072 

6 

2.24 

9.64 

16.23 

70.50 

704 

3020 

7 

1.93 

8.25 

5.26 

22.60 

79.8 

342 

& 

1.83 

7.87 

3.85 

16.52 

51.1 

219. 

9 

1.65 

7.09 

3.14 

13.43 

17.45 

74. 

10 

1.48 

6.33 

2.38 

10.20 

10.86 

46< 

11 

1.24 

5.32 

2.13 

9.20 

7.33 

31. 

12 

0.761 

3.26 

1.85 

7.93 

6.31 

27. 

13 

0.544 

2.33 

1.31 

5.61 

5.14 

22, 

14 

0.412 

1.77 

O.S69 

3.73 

4.37 

18, 

15 

0.392 

1.68 

0.656 

2.81 

4.94 

21, 

16 

0.329 

1.41 

0.606 

2.60 

2.74 

11, 

17 

0.196 

0.841 

1.99 

8, 

18 

0.154 

0.660 

1.58 

6, 

19 

0.129 

0.552 

1.35 

5. 

20 

0.100 

0.462 

1.097 

4. 

21 

0.0965 

0.412 

5 

9 

9 

4 

,0 

,1 

s: 

,2 

76 

.56 

.B3 

.72 


CALCULATED  RESULTS 
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TABLE  XLVII 

Values  of  the  Yield  Ratio  for  all  Data 


Run 

D 

E 

F 

Pipe  Size 

3/4 

3/4 

3/4 

Test 

Yield 

Ratio  _ 

1 

1510 

651 

536 

2310 

10500 

44500 

2 

194 

81.5 

82000 

353000 

1280 

5450 

3 

37e 

144.0 

2040 

8910 

297 

1270 

4 

35.7 

152.5 

52500 

226000 

2260 

10100 

5 

965 

4150 

1470 

6300 

705 

3400 

6 

14.6 

62.5 

7600 

32500 

341 

1460 

7 

8.28 

35.3 

1275 

5360 

78.1 

333 

8 

5.55 

23.8 

141 

580 

49.2 

209 

9 

4.29 

18.5 

8.14 

34.3 

9.78 

42.2 

10 

3.41 

14.6 

12.2 

52.4 

7.68 

32.7 

11 

2.93 

12.6 

20.2 

86.7 

6.32 

27.0 

12 

2.72 

11.65 

705^  , 

3030 

5.07 

21.7 

13 

2.53 

10.85 

5.90 

25.6 

4.16 

17.7 

14 

4.30 

18.4 

3.88 

16.7 

15 

3.61 

15.5 

16 

3.10 

13.4 

r 

f 

r 


iSsMi 
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CALCULATED  R  .SULTS 
TABLE  XLVII 

Values  of  the  Yield  Ratio  for  all  Data 


Run 

Pipe 

Size  3/4 

0 

li 

H 

3/4 _ 

4 

J 

3/4 . 

4 

Test 

No. 

Yield  Ratio 

1 

548 

2490 

1550 

6580 

1790 

7750 

2 

56300 

244000 

386 

1650 

663 

2840 

3 

1690 

7320 

3860 

16600 

125 

535 

4 

1350 

5S10 

95.2 

409 

106 

457 

5 

153 

655 

2000 

8550 

36.8 

157 

6 

426 

1B30 

34.4 

148 

25.6 

109.5 

7 

126 

542 

12.15 

52.3 

.  13.5 

56.0 

g 

65.8 

282 

7.97 

34.0 

6.17 

26.6 

9 

37.9 

162 

7.48 

32.1 

5.15 

22.1 

10 

13.3 

57.1 

6.86 

29.4 

4.26 

ia.3 

11 

8.52 

36.5 

5.75 

24.6 

3.76 

16.1 

12 

6.95 

29.8 

4.24 

18.1 

13 

5.87 

25.1 

14 

5.31 

23.2 

15 

4.92 

21.0 

16 

4.20 

18,1 

Friction  Factor 


Friction  Foctor  vs.  Reynolds  Number 
P  arameter —Yield  Ratio. 

Fig.  51. 
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VII  Discussion  of  Results. 

Calibration  of  Equipment . 

The  Viscosimeter: 

The  equation  relating  the  yield  load  on  the  viscosimeter 
(u)  to  yield  value  (m^)  was  found  to  be  *  0.00221  u 

The  relationship  between  viscosity  or  coefficient  of  rigidity 
end  the  slope  of  the  viscosimeter  data  f /l)  is  not  a  linear 
function  as  was  expected.  It  is  represented  graphically  in 
figures  (19)  and  (20).  Figure  (20)  is  an  extension  of  the 
lower  range  of  figure  (19)  to  straighten  and  clarify  the 
correlation. 

Certain  limitations  are  placed  upon  the  results  by  the 
use  of  a  Stormer  viscosimeter  to  measure  yield  values  and 
coefficients  of  rigidity.  These  are  discussed  below# 

A  minimum  viscosimeter  load  of  ter  graras  was  found 
necessary  to  facilitate  the  use  ol'  the  instrument.  The 
minimiim  speed  was  taken  as  being  about  #  R.P.S.  so  as  not 
to  prolong  the  measurements  to  such  an  extent  that  settling 

effect 

or  a  time^ would  become  apparent.  ‘Hie  maximum  speed  at 
which  the  Instrument  may  be  operated  is  restricted  by  the 
necessity  of  maintaining  streamline  flow  conditions  within 
the  suspension  sample.  These  limits  are  marked  on  the  vis- 
cosimetei  figures,  as  dotted  linos,  wherever  the  figures 

extend  beyond  the  limits. 


(110) 


.  k'. 


V  fMff 


"  m  -L  euii  u*' 

'.■;'  '  ',  ,  ■  ■  '  ■  .  \ ;. -  ;  k'■'■kv.^  V"  ■  ■'■  '  ■ 


bX,^C:Iv,  O^'-lk) 


V 

,iXkk, 

txxpm  -  ■■ 

iSf' 

:X#  •  XX 

V>=*4  .,r'j. 

:.  ,:jM:.Ki:;  t 

••  ■  •  -:yXS;.;,.iXXCIIf‘,lj?,  ^iix 

y>W 

XI  V. 

.'.:3  „.:,^  JX  . 

z  #i|k: 

vyiVi 

.  3  Xsl 

\  X,  ).  iy"'  '•  , 

,  , 

fl 

3;  ■3,  3  33  >X. 

yi-y’urM  3  .■3k  3 

XXfkX'. 

XiXk;' 

xs 

f: 

r.3iiXk=i-)-»s 

;&,dl 

/  y3''K;:.:Xn 

kjiW  :::kK5l 


‘iGk'k-kk'T 


k-:  m^y^} 


^rliyt^X-i  Xo  ■ 


§;4;  I;  -  X^iV'  X 1-0 1  z  / 

"'  ■  ,r5|w«<  J:  vft.',aoi;|&''i|i?|iii 

'  X'  \  rs..:;y:yi  kBOX  ei:r:I..SO.O  jv|¥  X'^/'X,;; 


j'W.  vj;,  ..:  ^  ^uIb<^  m0  'mXy'i  u^m'-'h^pm  ^mknlm. 


^\y -y '/^^.yy;  -.  ;,/  .  ■'-■t '^  ■'i 


0i..k;XV;X  €::^i/i.  :  ■■  XivfM  ■  v.u:^^  ..  uX.r./  lo 

^O'  :@ra 


i  X^ytO'^ 


\  i  i') :: .  f '. :  ^';  k  .  ^...  X  .■  ^ 


(159) 


jcilOTiS:  In  trsnsfomlnf^  viscositiieter  H*P.S.  to  . 
Reynolds  nnribers  it  is  very  difficult  to  evaluate  tlie  rate 
of  sheer  dlroctly.  The  following  ir.et!X)d  is  s’oggested  as  an 
alternati  ve.  Thvj  v  iscos  lineter  load  at  any  pei’Cent  solids 
is  related  t  o  the  thro’JLgh  figures  (17)  and  (18). 

The  load  raay  be  converted  to  a  shearing  stress  at  the  pipe 
wall  by  ir^ultiplyin^;  by  0.00221.  Knowing  the  shearing  stress 
and  the  oar  cent  solids  the  appropriate  Reynolds  number  may 
be  obtained  frcri  the  tabulated  data.  Since  the  data  in 
this  thesis  are  presented  as  pressure  drops  and  not  shearing 
stresses  it  is  sutgeated  thfit  equation  (114),  given  in  the 
appaidix,  be  used  to  carry  out  the  necessary  traiisf omation. 

As  a  result  of  the  above  restrictions  on  the  use  of 
the  viscosimeter  the  rmgc  of  modified  Reynolds  numbers 
is  limited  by  the  extent  to  which  has  been 
.iustified  by  the  viscosimeter  data.  However,  this  restric¬ 
tion  does  not  appear  to  be  very  serious  since  the  data 
correl:^te  as  well  beyond  the  liMlt  of  reliability  of 
as  they  do  within  the  limit.  (Figs,  36,  37,  3C3,  39). 

A  fartt^r  result  of  the  restricti  ons  on  the  use  o'f  the 
viscosimeter  is  that  the  exact  value  of  the  yield  value 
(m  )  is  in  doubt.  The  symbol  m  '  is  being  used  for  the 
experirTsontal  yield  values  since  the  exact  behaviour  of  the 
suspensions  at  zero  rete  of  shear  Is  ixnhno?m.  It  is 
pointed  out  later  in  the  discussion  that  more  precise 
meBsuresrents  of  the  yield  values  are  required.  ‘  This  in¬ 
dicates  that  sm'^  met  tiOd  of  meas  ureifjent  is  required  wilch 
will  not  be  ht^mpered  by  settling  or  ageing. 
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The  Manometer  Fluids: 

The  effective  specific  gravities  cf  manometer  fluids 

1,  3,  5,  6  vary  with  temperature.  Pip.ures  21,  22,  23  and 

I  -  »  f 

24  present  the  calibration  data  (Table  3)  in  graphical  form. 
Over  the  range  of,  temperatures  employed  the  relationship 
between  temperature  and  effective  specific  gravities  is 
linear* 

For  the  air  over  water  (fluid  #2)  the  effective  specific 
gravity  changes  by  l/lO  of  !$>  for  a  temperature  change  of 
12^0.  so  no  calibration  is  necessary.  Similarly  the  water 
over  mercury  (fluid  #4)  changes  Its  effective  specific 
gravity  by  l/lO  of  1%  for  a  temperature  change  of  5^C.  and 
no  calibration  is  necessary. 

Pipeline  Smoothness. 

In  the  description  of  the  flow  circuit  it  was  mentioned 
that  special  care  had  been  exercised  to  obtain  smooth  test 
sections.  As  a  check  on  this,  data  from  four  test  runs,  using 
water  as  the  fluid,  \?ere  plotted  as  friction  factor  vs* 
Reynolds  Number.  (Figure  33).  One  of  these  tests  was  made 
at  the  conclusion  of  the  slurry  runs  to  show  that  no  rough¬ 
ening  had  taken  place.  The  data  compare  favourable  with 
Poiseullles  predictions  for  streamline  flow  and  Mlkuradses 
equation  for  turbulent  flow  in  a  theoretically  smooth  tube. 
There  is  a  slight  roughness  present  but  the  effect  is  small. 

Rheology. 

The  data  of  the  preliminary  Investigation  (Table  2) 
indicate  that  the  clay  suspensions  behave  as  true  plastics. 
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This  is  Indicated  also  by  the  viscosimeter  data  obtained 
dulling  the  measurement  of  the  suspension  proporties.  The 
viscosimeter  data  are  not  extensive  enougii  to  ostabllsh 
conclusively  what  occurs  at  low  rates  of  shear* 

It  has  been  found  possible  to  correlate  the  yield  values 
and  coefficients  of  rigidity  of  the  clay  suspensions  v/ith 
the  percent  solids.  The  equations  representing  these 
relationships  are: 


m- 


0.001 


and 

where 

Is 

X 


O.O42  (e 


0.159X 


•1) 


(112) 

(113) 


the  yield  value  (Ibs/ft^) 
the  coefficient  of  rigidity  (Ibs/f t . sec . ) 
tne  pei’cent  solids  {.%) 
the  viscosity  of  the  carrier  fluid 
(Ibs/f t.sec. )  at  the  temperature  of  the  suspension.  Miile 
these  equations  apply  to  the  clay  suspensions  used  in  this 
investigation,  it  is  not  recommended  that  they  be  applied  to 
other  materials.  A  peculiarity  of  these  equations  is  that  the 
exponents  of  ”3”  are,  within  the  limits  of  experimental  error, 
the  same.  It  is  not  known  whether  this  is  a  specific  property 
of  the  clay  used  or  whether  it  is  general  for  all  suspensions  , 
The  effect  of  temperature  on  the  coefficient  of  rigidity 
is  taK:en  cai»e  of  by  including  the  viscosity  of  the  carrier 
fluid  as  a  separate  term  in  the  equation  for  the  coefficient 
of  rigidity.  This  assumes  that  the  effect  of  the  solid  on 
the  coefficient  of  rigidity  is  independent  of  temperature. 

Ihe  fact  that  the  data  may  be  correlated  by  equation  (113) 
af)pears  to  justify  the  assumption. 
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Pressure  drop  -  liate  of  B'low  Correlations. 

Figure  (^4)  presents  the  pressure  drop-rate  of 
flDTfc  date  as  a  graph  of  tlue  friction  factor  {f}  vs. 
Reynolds  nui.ibor  calculated  from  •  In  the 

streainline  region  the  effect  of  solids  coacentrati  on  and 
diameter  are  both  apparent.  The  higher  percent  solids 
and  larger  diamotor  increase  thefr^^ction  factor.  Figure 
.(35)  presents  tho  data  for  friction  fact^^rs  less  than 
0.0 II  OB  a  slightly  larger  scale.  It  is  noted  that  al¬ 
though  the  diameter  effect  disappears  at  the  higher  rates 
of  flo VP  there  is  still  a  family  of  curves  the  position 
of  milch  depends  on  the  percent  solids. 

Since  the  use  of  the  viscosity  of  T^ater  in  ocgi- 
puting  Beynolc^  nuiriber  results  in  a  faiaiiy  of  curves  the 
position  of  which  is  dependent  a i  both  percent  solids  and 
diameter,  plots  of  (f)  vs  (1^^)  were  constructed  (Figs. 
36,  37).  The  lovier  limits  of  Hey  no  Ids  nuoibor  on  these 
plots  are  defined  by  the  extent  to  which  the  coefficients 
of  rigidity  are  kno^^n  to  be  acoui’ate.  A  das  ted  line  on 
the  graph  marks  these  limits. 

In  the  streamline  flow  region  the  effect  of  the 
p ere en t  s  oil 6s  am  d isme t ar  cT  e  s  ti  1 1  app ar e ut .  How ev e r , 
‘there  is  now  an  inversion  in  tte  effect  due  to  the  s Olivia 
concentration.  Up  to  about  3 solids  the  friction  factor 
increases  with  percent  solids,  iibove  this  concentration 
the  friction  factor  decreases  with  p^cent  solids.  It 
does  not  return  to  the  same  value  as  that  for  0>  solids. 


Figure  (38}  presents  the  data  of  the  strearnllne  region  cor- 


(163) 


related  as  friction  factor  vs,  s  DV/:?,  )  1-4 (2Lm')  l(2Lm')\ 

Re(iii) 

The  lowest  limit  of  which  is  justified  by  the  viscosimeter 

data  is  marked  by  a  dashed  line.  The  data,  while  following  the 


general  trend  f 


16 


,  are  scattered  to  a  great  extent, 


%e(lil) 

This  scattering  appears  to  be  due  to  the  form  of  the  term 

t-4(2I^)  JL(2Lm)'^~]  since  it  is  not  present  until  this  term  enters 
L  3(RaP)  3(R^P)  J 

the  correlation. 

Due  to  the  fact  that  the  yield  value  (m^)  is  obtained  by 
extrapolation  of  a  graph,  and  by  neglecting  the  possibility  of 
friction  in  the  viscosimeter,  errors  of  from  5  to  10%  may 
be  present.  The  effect  of  errors  of  this  magnitude  in  the  yield 
value  is  multiplied  greatly  when  the  yield  value  is  used  in  the 
computation  of  ^R©(iij[)»  This  indicates  that  a  more  precise 
measurement  of  the  yield  value  is  required.  Table  (48)  illus¬ 
trates  the  ran.ie  of  errors  in  [l-4(2Lm')  1  (2Lm)^7  which  may  be 

3(R^P)  3(R^P)-' 

the  result  of  errors  in  the  yield  value  alone  without  allowing 
for  errors  in  the  other  factors  present# 


TABLE  XLVIII 

Effect  of  Errors  in  the  Yield  Value 

Point  H6  Point  B2 

Value  Errors  Value  Errors 


m  0.47 

J 0.025 

4(2Lm')  0.936 

3(R*P) 

t  0.0564 

1  (2Lm')^  0.081 

3  (fi*P) 

t  20^ 

i 0.0196 

l-4{2Lm’)_^  l(2Lm')'^] 

■  3 

0.045 

-170^ 

'0.0759 

-10% 

0.003 

'-5% 

-lOf^ 

i  0.047 

i 0.00015 

^ 0.0003 

'-10% 

0.761 

'-h% 

-10^ 

10.0936 

-o.osa 

£0.076 

'-i0% 

0.036 

O 
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£40^ 

i 0.0324 

to. 0072 

£0.0144 

^280^ 

0.275 
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Figure  (39)  combines  figures  (38)  and  (36)  over  the  ranges 
to  which  they  apply.  This  figure  may  be  used  with  extremely 
accurate  values  of  the  rheological  properties  to  predict  pressure 
drops  for  suspensions  flowing  in  smooth  pipes*  This  method  is 
not  recommended  since  it  involves  trial  and  error  computations* 
Figures  40  to  50  were  constructed  to  give  smoothed  values 
of  the  yield  ratio  ”(Dm^/^  •  These  figures  also  show  the 


linear  relationship  between  the  friction  factors  and  yield 
ratios  at  constant  Reynolds  numbers.  A  very  significant  factor 


2x10  the  friction  factor 


is  indicated  in  that  for  DV/4  - 

-^r-  > 

is  constant  for  all  known  values  of  the  yield  ratio.  It  has 
already  been  shown  (Fig.  36)  that  at  values  of  DV/^  ^  2x10^ 
the  friction  factor  for  suspensions  could  be  related  to  DV/f 


by  means  of  the  usual  friction  factor  -  Reynolds  number 
diagram  for  water. 

Dimensional  analysis  indicated  that  the  three  ratios 

expected  to  affect  the  friction  factor  are  {DV/4  )»  ('^). 

,  (  )  (D) 

(Dm/^).  The  effect  of  (^)  has  been  kept  negligible  by  the 

(5) 

use  of  smooth  pipe.  The  effect  of  (Dm^ )  disappears  for 
values  of  (DV/?  )  greater  than  or  equal  to  2x10'^.  Both  (DV/^  ) 

,  cw^)  ^  4(7-) 

and  (Dm/^  )  have  an  effect  at  less  than  2x10^.  A 

( V  ^  ^  ^  j 

transition  region  appears  to  exist  for  the  ran^e  4x10^^  (DV>^  )/2xl0^ 

Figure  51  presents  the  relationship  between  the  friction 
factor  ”f”  and  (DV/^  )  with  values  of  (Dm^_)  as  parameters.  The 

r%)  ( ) 

observed  data  are  plotted  with  their  values  of  (Dm/^  )  beside 

(V  ) 

them  to  check  the  positions  of  the  constant  yield  ratio  lines. 
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The  experimental  data  Indicate  that  the  use  of  the  two 
dimensionless  ratios  (DV/^  )  and  )  Rives  a  more  reliable 

(  7.  ) 

method  of  predicting  flow  rate-pressure  drop  relationships  than 
does  Bingham *s  equation*  This  method  does  away  with  the  neces¬ 
sity  of  trial  and  error  computations. 


RECOMMENDED  METHOD  OF  PRESSURE  DROP  ESTIMATION. 

It  is  recommended  that  the  following  steps  be  carried  out 

I 

to  estimate  the  pressure  drop  due  to  the  flow  of  a  suspension 
in  a  smooth  pipeline. 

1.  Obtain  the  yield  value  and  coefficient  of  rigidity  of 
the  suspension  by  means  of  a  calibrated  viscosimeter. 

2.  Calculate  the  Reynolds  number  (DV/f  ). 

4 

3.  If  the  value  of  (W/?  )  is  greater  than  2x10^,  it  may  be 
used  vith  the  regular  Reynolds  number  friction  factor  line  for 
water  to  obtain  the  friction  factor. 

4.  If  the  value  of  (DV/f  )  ^is  less  than  2x10*^  calculate 

,  ^  ) 

the  yield  ratio  {Dm/^  ) . 

5.  Use  figure  (51)  and  the  two  dimensionless  ratios 

(DV/?  ),  (Dm!^  )  to  obtain  the  friction  factor. 

(  7.  )  (v;,  ) 

6.  The  friction  factor  may  then  be  employed  in  equation 
(17)  to  predict  the  pressure  drop. 
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VIII  C0NCLU?!I0NS 

!•  A  versatile  experimental  unit  for  the  study  of  pipe 
line  pressure  drops  of  suspensions  has  been  developed* 

2.  The  flow  of  clay  suspensions  over  the  range  of 
concentrations  encountered  in  this  investigation  may  be  inter¬ 
preted  on  the  assiunption  that  the  suspensions  are  true  plastics* 

3.  The  yield  values  (m^)  for  the  clay  suspensions  encoun¬ 
tered  in  this  investigation  are  related  to  the  percent  solids 
of  the  suspension  (x)  by  the  equation 

ml  =  0.001  (112) 

4.  The  coefficients  of  rigidity  under  the  same 
conditions,  are  related  to  the  percent  solids  (x)  by  the 
equation* 

-  A’  O.O42  (e°*l®^*-l)  (113) 

where  ju  is  the  viscosity  of  water  at  the  temperature  of  the 
suspension. 

5*  It  is  possible  to  estimate  pressure  drops,  for  true 
plastic  suspensions  flowing  in  smooth  pipes,  from  independent 
measurements  of  the  yield  values,  coefficients  of  rigidity  and 
density  of  the  suspensions,  and  knowing  the  velocity  of  flow 
and  diameter  of  the  pipe* 

5(a)  Two  dimensionless  ratios  (Dm/^  )  and  (DV>^  )  may  be 

(v^^)  cyr~) 

used,  in  conjunction  with  a  chart  given  in  this  report,  to 
estimate  the  pressure  drop  of  suspensions  flowing  at  low  rates.* 

5(b)  The  dimensionless  ratio  (DV/f  )  may  be  used  with  the 
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conventional  Reynolds  number  chart  to  estimate  the  pressure 
drop  of  suspensions  at  high  ratos  of  flow  (ie  DV/^  s  2x10"^) 

6.  Bingham’s  equations  for  pressure  drop  estimation  of 
true  plastics  a-^  low  rates  of  flow  requirejt  0  very  accurate 
measurement  of  the  yield  value.  It  is  not  recommended  that 
these  equations  be  used  with  independently  measured  rheological 
properties. 

7.  The  use  of  the  dimensionless  ratio  (DV^  )  to  predict 

(*7^ ) 

pressure  drops  for  a  suspension  in  turbulent  flow  is  to  be 
recommended  as  an  approximation  only. 
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X  APPra^DIX 


Theoretical  Derivations 


The  following  symbols  will  be  used* 

h  s  head  loss  due  to  friction  per  unit  length  lls  / /6.  -P-t.) 

L  =  Length  of  pipe  (ft*) 

Q  =  Rate  of  flow  (ft^/sec.) 

r  ■  Radius  from  any  point  within  a  pipe  to  the  centre 
of  the  pipe  (ft*) 

R  =  Radius  of  pipe  (ft.) 

Tq  =  Radius  within  a  pipe  at  which  the  shearing  stress 
equals  the  yield  value  (ft*) 

S  =  Shearing  stress  in  (Ibs/ft  ) 

Sp  =  Shearing  stress  at  the  pipe  wall  (Ibs/ft^) 

Sp  =  Shearing  stress  in  a  circular  pipe  at  a  distance  r 

from  the  centre  (Ibs/ft'^) 


m 


V 

Vo 


vr 


VR 


Shearing  stress  at  the  yield  point  of  a  plastic 
material  (Ibs/ft^) 


-  Mean  velocity  of  flow  in  a  pipe  (ft/sec) 

-  Velocity  of  a  plug  of  radius  Vq  (ft/sec) 

Velocity  at  a  distance  r  from  the  centre  of  a 
pipe  (ft/sec) 

*  velocity  at  the  wall  of  the  pipe  (ft/sec) 


«  coefficient  of  viscosity  (lbs/ft*sec) 


=  coefficient  of  rigidity  (Ibs/ft.sec) 

=  a  proportionality  constant  g) 

xDs*  lorce  sec 

=  32.1740  lbs,  mass  ft 

lbs*  force  sec^ 


=  density  of  flowing  substance  (Ibs/ft^) 

ra  p 

=  pressure  drop  related  to  Sp  by  Sp  = 

«  Sr  by  Sr  =  (Iba/ftS) 


(//4  ) 
(115) 


(170) 


The  following  Is  the  method  of  Bingham,  also  used  by 
Babbitt  and  Caldwell,  and  Parent,  applied  to  a  true  plastic. 


By 

definition 

>!  =  (s-m)f /? 

(116) 

for 

a  circular 

pipe  equation  (116)  becomes 

dv  = 

-  (Sr-m)dr 

(117) 

or 

dv  = 

(113) 

The  velocity  at  any  distance  r  from  the  centre  of  the 
pipe  between  the  plug  of  radius  r^  and  the  pipe  wall  is 
obtained  by  Integrating  equation  (118)  from  r  =  R  to  r  -  r 
to  give  ^ 


'-'f  L 


2L 


dr 


«  ^  fApr^  „ 


mr 


J 


(119) 


(R^-r^)  -m  (R-r)j 


(120) 


The  velocity  of  the  solid  plug  is  obtained  by  setting 


r  =  Tq  in  equation  (120)  to  give 

^  r  -  mR  1 

°  Ai  1_  4L  +  ^  J 


(121) 


The  volumetric  rate  of  flow  is  given  by  the  expression 

•R 

o 


Q  =  rv^dr 


but  nr 


Ai" 


(AP)R^ 


Lm 

XT' 


m  rJ 


(122) 

(123) 


and  2'r  j’rvpdr  =  ^3^  )“Ki(Fp -r^)]  dr  (124) 

r  o  ^  I- 


(R^ro£ 


Hiil) 

4 


(125) 


(171) 


substituting  for  r, 
'rvr  dr  = 


r>  =  2mL 

°  aF" 

R'^4P  .  R^m  _  R^Lm^ 
16L  IT  ’SlAf) 


^  2RL^M^ 


5  ] 

3  Tafy^j 


(126) 


(127) 


Substituting  in  equation  122  give 
Q  = 


=  r  R'^AP  _  R^ra  S  l®™4 

f  [-r- 


R'^^P  _  R^rn 

T-  ^  5  ^3 


A 


4 

SAP 


(^)4 


R  '  3aP 


R 


J 


as  an  expression  for  velocity 

V  =  s^np  fl  -  -i-  (21S)*_1_  /2Im'4  1 

BLrj  L  SAP  ^  R  ^  3AP4  ^  J 


(128) 


(129) 


(130) 


If  the  final  expression  is  desired  in  terms  of  shear  replacing 
AP  by  its  equivalent  from  equation  //4  results  in 


Y  as 


or 


.4m  1  m  )4| 

3  Sp^3  J 

(131) 

1  m.l  Sh  1 

3  ^3  FF 

(132) 

Babbitt  and  Caldwell  went  further  and  simplified  equation 
(132)  by  assimilng^  »  32  so  equation  (132)  becomes 


V  =  4D 


7 


[ 


isi.1 

3 


(133) 


rn 


Their  experimental  data  indicated  that  if  ”  is  small  (a  high 

P 

rate  of  shear)  it  is  permissible  to  drop  the  last  term  <of 
(133)  resulting  in 


(1V2) 


V=f 


[sp  -  I  m] 


from  which  it  is  possible  to  obtain 
o  -  4 


m 


7  4D 


“P  3 

Parent  employs  equation  (151)  as  Bingham  gave  it 
V 


=  i  (.)*] 


T 

He  points  out  that  for  a  Newtonian  fluid  in  streamline 
motion  f  = 

which  when  substituted  for  f  in  the  equation  (17) 

-AP  =  52^VL. 

(2R)^ 

Letting 


/3  ^L 


3^V 

4P 


Tr^ 


Parent  suggests as  an  apparent  viscosity  so  that  for 
plastic  material  equation  \iZi>)  becomes 

ha  =  32Y4,' 

/3 

Substituting  the  expression 
Sp  =  ^  (114) 

into  (131)  and  replacing AP  by 

/iP  =  hL^  J 

tie  resulting  expression  for  the  velocity  V  is 

V  =  fhaegf  r  1  -  +  2^  (Pm  )4~] 

32  57  L  3  3  Vh2K' J 


Comparing  this  with  equation  (137)  shows  that 


'Fl^ 


m 


255“ 


f 


h2R 


m 


2r 


(134) 

(135) 

(131) 

(19) 

(20) 

(136) 
a 

(137) 

(138) 

(139) 


(140) 


(173) 


Substituting  this  in  equation  (iS7)  gives 
h  =  _ 32  V 


16 


. )4. 


256 


"  "3  ^^h2R  ^  ■*■  "3 


J 


(141) 


Parent’s  treatment  of  equation  (141)  has  been  described  in 
the  literature  review. 

The  following  derivation  is  given  according  to  Buckingham’s 
method.  The  starting  equation  is 

'S  ’4  <1^  -  ■' 

For4££/m  there  is  no  shear  so  the  material  inside 
2L  ^ 

y-Q  «  moves  as  a  solid  plug.  Between  and  R  the  material 
yields,  moving  in  streamline  motion  and  Vp  is  the  velocity 
at  the  wall.  Integrating  (142)  between  r  and  R  gives 


^r  "■ 


from  which  Vp 

I  ^ 


^  '-f  (R^-r^)  -  m(R-rj  (143) 

(R^-r^)  -  m(R-r^+Vj^ 


The  speed  of  the  plug  is  obtained  by  setting  r  - 

-r, 


^  /APro  m^ 

so  v^-vf^  “  “  -i:? 


dro 


(144) 


(145) 


= -w, 

=  ^  fAPro® 

"  ^  4L  4L 

s  TaPR^  „  -APro^^ 

/y  I  —  -  — iir 


mro  mR 


mro 


I 


by  definite 

2  _  4L^in^ 

squaring 


(126) 

(146) 


(174) 


so 

^0  -  = /^ [^4L  -  - 

idP  4L^m^  m  Lm  7 

4L  ^  A  P'"  '  J 

or 

LmS  / 

A  P  J 

(147) 

or 

’« HP  - 

fVR 

(148) 

The  volumetric  rate  of  discharge  is  given  by 

R 

Q  -'TT  1*0^  27r  J  v^rdr 

substituting  for  Vq,  Vq,  Vp  gives 


Q  =7r  ( 


SLmxSf 

A  P  [  ^  4L 


mR  ^  Lm' 


(122) 


r  ^  ( 

:]  .  v„j 

/^^4L  -  m(R-r^+ve  J 


rdr 


(Me) 


Dividing  by^r  R^  to  get?  average  gives 


2r  _  I  ,4Lgm.^ 

aP®R‘ 


16L 


6  ^  ^ 


lr]_  ^  R^Lm^  ^  2RL^m^  _  5  .  2vh  n.1 

^  -S5T-  +  "IP^  3  JpS-  J#  ^  ^ J 


(15’o) 


Simplification  yields 

r 


V  =  R^/^nP 

8ir^ 


1^4  f2Lm\  . 

^  3hP  ^-T-^  3AP4 


1  /'2Lm'|47 

—4  C-^}  j 


Vp  els'/  ) 

Buckingham  assumed  that  the  slip  at  the  wall  Vj^  occurred 

in  a  Newtonian  layer  of  thickness  £  and  viscosity  In  this 

layer  -  ^  =  (l5-a) 

dr  2L 


(175) 


approximately  “4.V.  s  IR  and  r  =  R 

dr  f 


so 


{153] 


Equation  (153)  may  be  substituted  In  (151)  to  give 

Scott-Blalr  and  Crowther  redefined  their  terms  letting  <f  (p/p^ 


be  replaced  by 


and  replacing  AP  by  AP  -  A  p  to  give 


-  R 


f- 


4  /2Lffix  . 
dAP  3> 


1^4  (2|S)^j-(-R^ig£Fba£i  (15-^ 


AP  is  the  pressure  required  to  initiate  motion  (i*e*  cause 
slip  at  the  wall). 


McMillen  (14)  makes  use  of  Bihham^s  equation 

-dj 

Since  S  is  the  shear  at  any  radius  and^^^  is  the 

oLi  2h 

shear  at  the  plug  boundary  any  shearing  stress  at  a  radius 

greater  than  r^  is  —  times  as  great  as  the  shearing  stress 

^o 

or  yield  value  m  at  the  plug  boundary 

Equation  (117)  may  be  rewritten  as 


(5-  -  1) 


(15-6) 


7 

Integrating  (156)  to  obtain  the  velocity  gives 

V  =  /dv  =  -/^  J^5(f-  -  Ddr  (1T7) 


=.x3m 


2^r 


^3:^0 


(R‘ 


2Rro  2r^r  -  r^) 


CIS'S) 


{176) 


Substituting  for  r  yields  the  velocity  of  the  plug 


II 

(R*^*-2Ro+2ro^-ro^ ) 

(15-f  ) 

II 

(R^-2Ro+ro^) 

(14°) 

r 

(Rto 

(16/ ) 

The  voliometrlc  rate  of  flow  where  shearing  occurs 
between  layers  is  given  by 

3?  O 

QRro  =  -  r  2jrvv6.v 

-rJ 

*  (R^r“2Rror+2ror^-r^  )dr 

QRro  {3R^-4R®ro-6R®ro^+12Rro^-5ro^) 

The  volumetric  rate  of  flow  of  plug  is 
Qplug  ro^Vo 

(R-C3)2 

The  total  volume trio  rate  of  flow  Q  =  Qp^QRro 


(1^2 

(U3) 


(l6f) 


=  /f|Jp(R-ro)2 

U  3^2J4f.(3R‘^_4R®ro-6R^ro^.rl2Rro®-5ro'^) 
r  o 

(165-) 

^y^-rrmR^  _  BirmSvo^  1 

(166) 

J  [ 

£4yro  3y  li  J  J 

-4^ 

’)■*{  3R^-4roR®-5ro'^ ) J 

(167 

r3R^-4roR®+ ro^7  (cf,?129) 

' 12ro^  ^  J 

(168) 

avr  =  - 

^ZR^Toyj  , 

3R‘^-4R^r0'i*  ro'^J 

(169) 

(177) 


While  the  term  ro  remains  in  these  equations  they 
cannot  be  used  conveniently.  To  make  them  more  useful, 
McMillen  writes  them  in  terms  of  dimensionless  quantities: 
c,  the  ratio  of  plug  radius  to  tube  radius  (or  diameters), 
X,  the  ratio  of  any  layers  radius  to  the  tube  radius,  and 
certain  combinations  of  the  two.  The  resulting  equations 
are  given  below 


-  iSRm  ,l-2c-fr2cx-x^. 

VRro  ^ - ) 

(170) 

i: 

11 

(58) 

vp  ‘Ig’" 

(17/ ) 

(59) 

V  avr 

(172) 

(61) 

The  ratio  of  average  velocity  to  maximum  velocity 


(assumed  plug  Yelocit/) 

Vavr  -  ^  ^  (64) 

Vp  *  b 

Volumetric  rate  of  flow 

Q  »  /3TL^  (60) 

7 

Shearing  stress  at  tube  wall 

2L  c  ^ 


McMillen  bases  his  Reynolds  numbers  on 
where  S  =  R-r 


(17^) 

(175-) 


( IVP  ) 


to  take  into  account  the  radial  variation  of  velocity 
and  viscosity 


(176) 

y  (1-x) 

(70) 

It  will  be  noted  that  NRe  =  o  at  the  pipe  wall  where 
X  =  l,,NRe  increases  with  5  and  V  till^rate  of  increase 
of  SY  equals  the  rate  of  increase  ofy,  then  decreases 
as  j  increases  towards  the  plug  boundary.  The  maximum 
Reynolds  number  is  found  at  xm 


xni  =JO-t-4e(I-c)^ 
3 


(67) 


The  velocity  at  this  point  may  be  obtained  by  substituting 

.2 


Dm  •  l~2c’»2cxm«»xm 


into  V  hm 


(65) 


(68) 


The  maximum  Reynolds  nLunber  is  obtal-ned  by  substituting 
xm  for  X,  for  tl  and  (1  -  •^)  for  y  in  the  equation  for  NRe 


to  give  NRe  max  =  Hm  (1  «  (17?) 

{178) 

The  dimensionless  ratios  which  are  defined  above  are 


summarized  as  follows: 


(1V9) 


a(z 

C^-4Cf3 

(62) 

12C 

b  = 

(1  -  C)2 

2C 

(63) 

r= 

b 

(64) 

= 

1 

4C  « 

(66) 

xm  * 

„  ^  4c  (1  -  c)^ 

3 

(67) 

Z  s= 

(1  -  (1  -  xm) 

(68) 

n  = 

^1  -  2c  -f  2cx  -  x^^ 

2c  ' 

(65) 

J  = 

H 

1 

X\o 

(69) 

McMillen  suggests  a  method  for  obtaining  the  properties 
of  a  suspension  from  pressure  drop  measurements  at  two  dif¬ 
ferent  flow  rates  in  the  same  pipe.  This  method  is  based  on 
the  fact  that  for  any  ratio  ^  there  exists  under  the  same 

set  of  conditions  only  one  ratio  J2L1 

^  2 


Since  Cq  _  2m/Rci 
fem/ROg 


(  ^P/L)i  _ 

^^^2  Fi 


and  °<'i 

oi!2 


Itaio^l/Sn 


V  ave  1 

V  ave  2 


(ISO) 


the  two  ratios  are  readily  obtainable,  when  the  flow  data 


are  known.  The  actual  values  of  ®1^ 

then  obtainable  by  trial  and  error  calculation.  (Graphs 


(ISO) 


presented  In  (14)  speed  up  this  work.)  The  yield  value 
may  be  calculated  from  either  c  value  by 


m 


R  C 

2  L 


{173) 


The  coefficient  of  rigidity  is  then  available  from 


V  ave  R  m 


r 


(61) 


1 


H  ▼ 

7  ^ 


Line  -  -  - 

1^”  Line  - — - 

Water  Data  — — — — — 


%  Solids 
8.5 
8.8 

14.3 
81.2 
25.0 
31.9 
36.8 
39.2 

40.4 


i 

jr 

i  ' 


\ 


/  '  ■ :: 


